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INTRODUCTION

We have previously shown that calcitriol (1,25-dihydroxyvitamin Ds) the active hormonal
form of vitamin D, is antiproliferative in several prostate cancer (PCa) models including human
prostate cancer cell lines (1-3). This has led us to hypothesize that calcitriol may be a useful therapy
for PCa (4). In studies of the LNCaP human PCa cell line, we further demonstrated that calcitriol
induction of insulin-like growth factor binding protein—3 (IGFBP-3) was necessary for the
antiproliferative activity (5). The IGFBP-3 gene appears to mediate the antiproliferative activity of
calcitriol by inducing a subsequent gene, p21, an inhibitor of the cell cycle. Prevention of IGFBP-3
expression, using antibodies to immunoneutralize IGFBP-3 or antisense to prevent IGFBP-3 mRNA
transcription, abrogated the antiproliferative activity of calcitriol and the induction of p21. We
therefore concluded that induction of IGFBP-3 is the critical step in calcitriol's antiproliferative
activity in the LNCaP cells (5).

IGFBP-3 is the major binding protein for circulating IGF-1, a potent mitogen (6). IGFBP-3
has activities that are antimitogenic because it sequesters IGF-1. However, it has recently become
clear that IGFBP-3 also has IGF-independent actions that are antiproliferative and proapoptotic (7).
These activities make IGFBP-3 a potentially important factor in halting cancer cell growth (5, 8, 9,
10). The circulating blood level of IGFBP-3 has also been studied as a potential marker of PCa risk

(11).

The goal of the current project is to further investigate the role of IGFBP-3 in the
antiproliferative actions of vitamin D in PCa. Calcitriol regulates target genes by binding to the
vitamin D receptor (VDR) (12). The calcitriol-bound VDR dimerizes with retinoid X receptor
(RXR) and this complex then binds to a vitamin D regulatory element (VDRE) in the promoter
region of target genes (13). Therefore, to study the vitamin D regulation of IGFBP-3, we set out to
determine whether a VDRE was present in the promoter region of the IGFBP-3 gene.

In addition, we hoped to resolve another controversy about the nature of calcitriol regulation
of the critical gene, p21. This gene is a cyclin-dependent kinase (Cdk) inhibitor and an important
regulator of the cell cycle and cell proliferation. In our studies, calcitriol appeared to regulate
IGFBP-3 that then regulated p21. In contrast, the studies of Liu et al (14) concluded that calcitriol
directly regulated p21. The differences could be resolved, at least partially, by demonstrating a
VDRE in the IGFBP-3 promoter region and demonstrating direct regulation of IGFBP-3 by
calcitriol.

BODY

Calcitriol Regulation of IGFBP-3

In our Statement of Work, our major goal was to investigate the regulation of IGFBP-3 by
calcitriol in PCa cells. We have clearly demonstrated that calcitriol’s antiproliferative actions in
some PCa cells are mediated by induction of IGFBP-3 (5).

The second goal of this project was to determine the molecular mechanism of calcitriol’s action
on IGFBP-3. We have successfully identified a functional VDRE in the distal region of the IGFBP-3
promoter (15). The induction of IGFBP-3 by calcitriol is directly mediated via VDR interaction with this
VDRE.

Calcitriol-Androgen Interaction
Another goal of this project is to study the interaction of androgens and calcitriol in regulating
IGFBP-3. Using real-time PCR, we showed that androgen (R1881) alone increased IGFBP-3 mRNA
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about 3-fold. Consistent with the mRNA change, IGFBP-3 protein was also increased approximately 3-
fold by measurement of protein levels with an IGFBP-3 ELISA (Diagnostic Systems Laboratories, Inc.,
Webster, Texas). However, a combination of calcitriol with androgen resulted in a remarkable increase
in IGFBP-3 mRNA of over 25-fold indicating a very strong synergistic effect of calcitriol and androgen
on IGFBP-3 expression. Our transactivation assay shows that the 6 kb IGFBP-3 promoter sequence
responded to calcitriol or androgen treatment. The combination of androgen and calcitriol doubled the
effect of either hormone alone. A time course of IGFBP-3 mRNA expression in LNCaP cells treated
with various concentrations of R1881 suggests that R1881 may directly regulate the transcription of
IGFBP-3 in a dose-dependent manner in LNCaP cells.

Identification of an ARE

To localize the region of the promoter containing the ARE and to identify the exact DNA
sequence of the ARE, a series of IGFBP-3 promoter deletions were made within the 6 kb DNA
fragment. The results indicated that the ARE was present in the DNA fragment between -1753 and
-3590 bps. Computer analysis of this 1838-bp fragment identified a potential ARE located between —
2879 and —2865. We made point mutations in this putative ARE and demonstrated that the mutant AREs
showed a loss of transactivation activity confirming that this sequence was indeed the IGFBP-3 ARE.
Furthermore, the chromatin immunoprecipitation assays (ChIP) verified that R1881 was able to recruit
the AR/AR homodimer to the chromatinized ARE site in the native IGFBP-3 promoter in intact cells
indicating that the IGFBP-3 ARE sequence in the human IGFBP-3 promoter is a novel ARE binding
element.

Other IGFBP-3 Regulators

We have also studied the interaction of other important regulators of IGFBP-3 including 9-
cis retinoic acid [(9 cis-RA), the RXR ligand], rosiglitazone [a peroxisome proliferator-activated
receptor (PPAR)y ligand], and tricostatin A [TSA, a histone deacetylase (HDAC) inhibitor] using
Northern blot analysis as well as our established IGFBP-3 promoter-reporter transactivation system.
We found that all of these regulators significantly enhanced calcitriol’s up-regulation of IGFBP-3
expression. These findings suggest that these agents given in combination with calcitriol would
increase calcitriol’s antiproliferative activity. It is possible that combination therapy would allow the
use of lower doses of calcitriol to achieve a therapeutic antiproliferative effect and thereby diminish
the hypercalcemic side-effects of calcitriol in prostate cancer therapy.

Calcitriol Analogs

Another goal of the project was to evaluate IGFBP-3 regulation by several calcitriol analogs
that are less hypercalcemic than calcitriol. In other words, we wanted to know whether ability to
induce IGFBP-3 could be used to explore the antiproliferative activity of the calcitriol analogs on
PCa cells. To establish this assay, we measured both the effect of the analogs on PCa cell
proliferation as well as real-time PCR to assess the analog’s ability to induce IGFBP-3. We used
LNCaP cells for both the growth studies and the IGFBP-3 induction. Analogs EB1089, Ro24-5531,
KH1060 and Ro27-0574, each at 10 nM, resulted in over 10-fold increase in IGFBP-3 mRNA
compared to the vehicle treatment. The analogs inhibited cell proliferation by over 65%. In
comparison, 10 nM calcitriol induced a 2-3 fold of induction of IGFBP-3 mRNA and about 55%
inhibition of cell growth. The studies indicate that these analogs have a higher potency than
calcitriol at both IGFBP-3 induction and antiproliferative activity.

Differential Regulation of Polymorphic Variants of IGFBP-3

Recently Deal et al. (16) found a novel polymorphism that varies between an “A” or a “C”
nucleotide at —202 from its transcription start site in the IGFBP-3 promoter. The “A” allele is more
active than the “C” allele that is consistent with the relationship between genotype and circulating
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IGFBP-3 levels in the serum (AA>AC>CC). The potency of calcitriol analogs as antiproliferative
agents may be predicted by their ability to induce IGFBP-3 in an allele-specific manner. On the
other hand, the VDR gene also exists in several polymorphic forms. Especially important is the
FoklI polymorphism at the translation start site that alters the translated protein. The Fokl
polymorphism results in two VDR variants, the “f” variant (427 amino acids) and “F” variants (3
amino acids shorter) (17, 18). Epidemiologic studies have reported that the Fokl polymorphism
correlates with the risk of osteoporosis and PCa. Thus we hypothesized that the Fokl
polymorphism in the VDR gene contributes to the efficacy of calcitriol action on the level of
induction of target genes. Since calcitriol’s antiproliferative activity in LNCaP cells is dependent
- on stimulation of IGFBP-3, the interaction of VDR and IGFBP-3 polymorphisms may determine
the response of the IGFBP-3 gene to calcitriol therapy.

To assess whether the VDR FokI polymorphism exhibits differential activity to activate the
IGFBP-3 promoter variants, the two VDR variants, “f” and “F”, were tested for transactivation
potency on the IGFBP-3 A and C variants. Plasmids expressing the VDR variants were co-
transfected with the different IGFBP-3 promoters. Both VDR variants were tested on each
IGFBP-3 promoter. We found that the combination of VDR-f with IGFBP-3-C did not respond to
calcitriol in LNCaP cells. The other three combinations (VDR-F/IGFBP-3-A, VDR-F/IGFBP-3-C,
or VDR-~f/IGFBP-3-A) induced gene expression. ,

To explore the mechanism by which the IGFBP-3 polymorphic forms differentially regulate
the level of gene expression, we performed gel shifts assays. The experiments used nucleic extracts
isolated from LNCaP cells using the oligonucleotide probe containing the A or C allele at

-202 of the IGFBP-3 promoter. Both alleles produced similar binding complexes but showed
different binding activity with the A allele probe stronger than the C allele. This result is consistent
with the transcriptional activity of the IGFBP-3 promoter with the A allele being stronger than the
C allele. Point mutations in promoter DNA near —202 identified the critical nucleotides involved in
this DNA-protein complex. However, the transcription factor in the complex needs to be further
characterized. This research will be continued during the no cost extension that we have requested.

Nuclear Actions of IGFBP-3

The last part of this project is to study the nuclear mechanisms of IGFBP-3 interaction with
RXR and VDR to inhibit PCa cell growth. It has been postulated that IGFBP-3 translocates to the
nucleus and binds to RXR altering nuclear receptor function (19, 20). Using GST pull-down assays,
'we found that IGFBP-3 specifically binds to RXR and not VDR. In transactivation assays, we failed
to see that over-expressed IGFBP-3 changes the 24-hydroxylase promoter’s response to calcitriol.
We have not completed this area of study and can not yet reach any conclusions about interactions
of IGFBP-3 and either RXR or VDR that have been postulated by Cohen and associates (20, 21).
We have applied for a no cost extension of this grant in order to complete these studies.

Analysis of Calcitriol-Regulated Prostate Cancer Cell Gene Expression Profiles

Although not part of the SOW, this grant helped to support our studies of all of the genes
regulated by calcitriol in the LNCaP human PCa cell. These studies used cDNA microarrays to
evaluate the entire profile of genes up- or down-regulated by calcitriol (22). It is of interest that
IGFBP-3 had the greatest fold-induction of all genes in the LNCaP cell by calcitriol. At 6 hours,
IGFBP-3 achieved a statistically significant up-regulation (2.42-fold) supporting the idea of direct
regulation. At 24 hours IGFBP-3 was 33.2-fold stimulated over control cells, the highest level by far
of any gene in LNCaP cells. These results confirm the importance of the IGFBP-3 response to
calcitriol in LNCaP cells.
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Studies of Prostate cancer Cells with Mutant Androgen Receptor

The grant also helped to support studies of mutant androgen receptors (ARs) that resulted in
"promiscuious" binding of glucocorticoids to the androgen binding site. Although not part of the
SOW these studies are closely related to our major goal of improving therapy for prostate cancer
patients. This paper demonstrated that the synthetic glucocorticoid triamcinolone did not bind to the
mutant AR whereas many glucocorticoids such as cortisol did. These findings were part of the
preliminary data that allowed us to submit a new DAMD grant proposal to the prostate cancer
program to study triamcinolone therapy of androgen-independent prostate cancer (PC030122).

KEY RESEARCH ACCOMPLISHMENTS

o Identified the presence of both VDRE and ARE sites in the IGFBP-3 promoter.

. Proved that both calcitriol and androgen directly regulate IGFBP-3.

L Found that the combination of calcitriol and androgen greatly enhances expression of
IGFBP-3.

o Found that androgen has a biphasic regulatory effect on expression of IGFBP-3.
101" M of R1881 does not affect IGFBP-3 till 5x107'! M. This may explain the biphasic
actions of androgens on PCa cell growth.

o Demonstrated that calcitriol indirectly regulates p21and the effect is mediated through
IGFBP-3 induction.

. Characterized important VDRE and ARE with unique characteristics in an important
calcitriol target gene.
Provided information on the promoter region of the IGFBP-3 gene.

° Established an advanced biotechnique, the ChIP assay, to study DNA-protein
interactions in our lab that will be very useful to investigate additional hormone
receptor-DNA interactions.

o Demonstrated the induction of IGFBP-3 via action on its promoter by other important
regulators including retinoids, PPAR ligands and HDAC inhibitors.
e Provided data on possible approaches to combination therapy that would improve the

therapeutic potency of calcitriol in PCa therapy.

REPORTABLE OUTCOMES

All of the above mentioned research accomplishments are reportable. We had one
publication in Molecular Endocrinology describing the identification of a functional VDRE in the
IGFBP-3 promoter (15, and also see Appendix). We are writing another manuscript describing the
identification of a functional ARE and synergistic effects of calcitriol and androgen on IGFBP-3
regulation. We have provided our IGFBP-3 promoter-reporter constructs (15) to four investigators
including Dr. Hiroshi Nakagawa (University of Pennsylvania), Dr. Jianming Xu (Baylor College of
Medicine), Dr. Yu-Chung Yang (Case Western Reserve University), and Dr. Shuyuan Yeh
(University of Rochester). This saves the other labs time and labor and provides them with
important reagents making their research efforts possible so that it is very beneficial to our research
community. Other outcomes will be brought to publication stage during the no cost extension of the
grant if it is approved.
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Publications:

Krishnan A V, Zhao XY, Swami S, Brive L, Peehl DM, Ely KR, and Feldman D, 2002

A glucocorticoid-responsive mutant androgen receptor (AR®®r) exhibits unique ligand specificity:
Therapeutic implications for androgen-independent prostate cancer. Endocrinology, 143, 1889-1900

Peng L, Malloy PJ, Feldman D 2004 Identification of a functional vitamin D response element in
the human insulin-like growth factor binding protein-3 promoter. Mol Endocrinol 18:1109-19

Krishnan AV, Shinghal R, Raghavachari N, Brooks JD, Peehl DM, Feldman D 2004 Analysis of
vitamin D-regulated gene expression in LNCaP human prostate cancer cells using cDNA
microarrays. Prostate 59:243-51

CONCLUSIONS

Our research has elucidated the presence of a VDRE and an ARE in the distal promoter
region of the IGFBP-3 gene. These findings establish the fact that calcitriol or androgen directly
regulates IGFBP-3 via a classical hormone response element. Since only a modest number of
VDRE:s or AREs have been characterized, these findings add to the series of known VDREs or
AREjs and provide useful data for further elucidation of additional response elements. The research
also demonstrates how this critical gene is regulated and provides DNA sequence data for the
IGFBP-3 promoter region to support further analysis of additional regulators or modulators of
IGFBP-3 gene expression. Most importantly, the work clarifies how calcitriol or androgen induces
this most important regulator of PCa cell growth.

Our study has also demonstrated enhanced calcitriol action to 1nduce IGFBP-3 by other
important regulators including retinoids, rosiglitazone (a diabetes drug that binds to PPARs) and
HDAC inhibitor and has evaluated the potency of several calcitriol analogs with less hypercalcemic
activity. The results have provided new insights into improving calcitriol’s therapeutic efficacy in
PCa therapy.

During the extended year of the grant, we will continue to study the nuclear mechanisms of
IGFBP-3 interaction with RXR and VDR to inhibit PCa cell growth.
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Identification of a Functional Vitamin D Response
Element in the Human Insulin-Like Growth Factor

Binding Protein-3 Promoter

LIHONG PENG, PETER J. MALLOY, ano DAVID FELDMAN
Department of Medicine, Stanford University School of Medicine, Stanford, California 94305

1,25-Dihydroxyvitamin D, [1,25-(OH),D;] plays a
critical role in maintaining calcium and phosphate
homeostasis and bone formation but also exhibits
antiproliferative activity on many cancer cells, in-
cluding prostate cancer. We have shown that the
antiproliferative actions of 1,25-{OH),D; in the
LNCaP human prostate cancer cell line are me-
diated in part by induction of IGF binding protein-3
(IGFBP-3). The pumose of this study was to deter-
mine the molecular mechanism involved in 1,25-
(OH).D; regulation of IGFBP-3 expression and to
identify the putative vitamin D response element
(VDRE]) in the IGFBP-3 promoter. We cloned ap-
proximately 6 kb of the IGFBP-3 promoter se-
quence and demonstrated its responsiveness to
1,25-(0OH),D; in transactivation assays. Computer
analysis identified a putative VDRE between
-3296/—-3282 containing the direct repeat motif
GGTTCA ccg GGTGCA that is 92% identical with

the rat 24-hydroxylase distal VDRE. in EMSAs, the
vitamin D receptor (VDR) showed strong binding to
the putative IGFBP-3 VDRE in the presence of 1,25-
(OH),D,. Supershift assays confirmed the presence
of VDR in the IGFBP-3 VDRE complex. Chromatin
immunoprecipitation assay demonstrated that
1,25-(OH),D, recruited the VDR/retinoid X receptor
heterodimer to the VDRE site in the natural
IGFBP-3 promoter in intact cells. In transactivation
assays, the putative VDRE coupled to a heterolo-
gous simian virus 40 promoter construct was in-
duced 2-fold by 1,25-{OH),D;. Mutations in the
VDRE resulted in a loss of inducibility confirming
the critical hexameric sequence. In conclusion, we
have identified a functional VDRE in the distal re-
gion of the human IGFBP-3 promoter. The induc-
tion of IGFBP-3 by 1,25-(OH),D; appears to be di-
rectly mediated via VDR interaction with this VDRE.
(Molecular Endocrinology 18: 1109-1119, 2004)

HE CALCIOTROPIC HORMONE vitamin D,

through its biologically active metabolite 1,25-di-
hydroxyvitamin Dy [1,25-(OH),Dg], plays an important
role in maintaining calcium and phosphate homeosta-
sis and bone formation (1). In addition, recent evidence
has revealed that 1,25-(OH),D; exhibits antiprolifera-
tive and differentiation-inducing effects in a variety of
cancer cells including prostate cancer (PCa) (2-7). A
number of investigations have examined the mecha-
nism of the anticancer action of 1,25-(0OH),D, in hu-
man PCa cells. Several mechanisms for the anticancer
effects of 1,25-(OH),D, have been proposed including
G1/G0 cell cycle arrest (4, 8), stimulation of apoptosis
by down-regulating the oncogenes bcl-2 and c-myc
{9, 10), increase in cyclin-dependent kinase inhibitory
protein p21/WAF1 (11, 12), and induction of IGF bind-
ing protein-3 (IGFBP-3), which has been shown to
inhibit cell growth and stimulate apoptosis (13-15).

Abbreviations: ChlP, Chromatin immunoprecipitation;
DTT, dithiothreitol; FBS, fetal bovine serum; IGFBP, IGF bind-
ing protein; 1,25-(OH),D3, 1,25-dihydroxyvitamin Ds; PCa,
prostate cancer; RXR, retinoid X receptor; SV40, simian virus
40; VDR, vitamin D receptor; VDRE, vitamin D response
element.

Molecular Endocrinology is published monthly by The
Endocrine Soclety (http://www.endo-society.org), the
foremost professional society serving the endocrine
community.

Our recent studies demonstrate that induction of
IGFBP-3 by 1,25-(OH),D; in LNCaP cells is essential
for the growth inhibitory action of 1,25-(OH),D; (16).
Both immunoneutralization of IGFBP-3 with specific
antibodies and antisense treatment that prevents
IGFBP-3 synthesis, abolish the growth inhibitory ac-
tions of 1,25-(OH),D; (16). Furthermore, IGFBP-3
alone induces p21/WAF1 and IGFBP-3 antisense
treatment prevents 1,25-(OH),D; induction of p21/
WAF1 and abrogates its antiproliferative activity (16):
We have shown that 1,25-(0H),D; increases IGFBP-3
expression and protein levels in LNCaP cells (16). We
also showed using cDNA microarrays that the expres-
sion of IGFBP-3 increases after 1,25-(0OH),D, treat-
ment of LNCaP cells (17). Furthermore, epidemiolog-
ical studies indicate that low IGF-I and high IGFBP-3
levels in the circulation lower the risk of PCa, providing
additional support for a linkage between the IGF axis
and 1,25-(OH),D; in PCa (18-24).

IGFBP-3 is a member of the IGFBP family that binds
the potent mitogen IGF-I with high affinity and speci-
ficity. IGFBPs serve to extend half-life as well as trans-
port and modulate the biological actions of IGFs on
target cells. IGFBP-3 is the most abundant circulating
IGFBP binding more than 75% of serum IGFs (25). In
addition to regulating IGF action and bioavailability,
IGFBP-3 also mediates IGF-independent actions, in-
cluding inhibition of cell growth and induction of apo-
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ptosis (13, 26, 27). Several mechanisms of IGF-inde-
pendent actions of IGFBP-3 have been revealed.
These include IGFBP-3 binding to TGF3 type V recep-
tor (28), nuclear translocation via the importin B-sub-
unit (29), and direct interaction with the nuclear recep-
tor retinoid X receptor o (RXRe) (30, 31). IGFBP-3
. expression is regulated by specific growth promoters
and inhibitors including TGFB (32, 33), retinoic acid
(33), vitamin D (14, 16), TNFa (34), the histone deacety-
lase inhibitors trichostatin A and sodium butyrate (35),
as well as p53 (14, 34, 36-38). However, limited infor-
mation is known regarding functional response ele-
ments within the human IGFBP-3 promoter. Only p53
has been shown to up-regulate IGFBP-3 synthesis in
vitro via direct protein/gene interaction (37).

The purpose of this study was to investigate the
molecular mechanism of IGFBP-3 regulation by 1,25-
(OH),D; in PCa. The actions of 1,25-(OH),D; are me-

- diated by the vitamin D receptor (VDR), a member of
the steroid hormone receptor superfamily. The VDR
heterodimerizes with RXR and modulates gene ex-
pression in a ligand-dependent manner via specific
vitamin D response elements (VDRES) in target gene
promoters (39-41). As discussed above, we have pre-
viously shown that the antiproliferative actions of 1,25-
(OH),D; are due in part to up-regulation of IGFBP-3
(16). In this study, we examined the molecular mech-
anism of 1,25-(0OH),D; action on the IGFBP-3 pro-
moter in LNCaP cells and identified and characterized
a functional VDRE in this promoter.

RESULTS

Induction of IGFBP-3 mRNA by 1,25-(OH).D, in
LNCaP Cells

We have previously shown that treatment of LNCaP
cells with 1-1000 nm of 1,25-(OH),D; for 48 h caused
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a1.3-to 2.9-fold increase of IGFBP-3 at both message
and protein levels (16). To further elucidate the mech-
anism for 1,25-(0OH),D, induction of IGFBP-3, we per-
formed a time course of IGFBP-3 mRNA expression in
LNCaP cells treated with 10 nm 1,25-(OH),D,. As
shown in Fig. 1, at 6 h IGFBP-3 mRNA is induced
2.7-fold in the 1,25-(0OH),Ds-treated cells. At 12 h, the
IGFBP-3 mRNA peaks and remains elevated after
48 h, which is consistent with our previous report (16).
The 1GFBP-3 protein level is increased approximately
3-fold after 48 h achieving concentrations of 3-6 ng/mi!
in the conditioned medium of 1,25-(OH),D,-treated
LNCaP cells (16). These results suggest that 1,25-
(OH),D; may directly regulate the transcription of
IGFBP-3 in LNCaP cells. Aithough growth inhibition
by exogenously added IGFBP-3 appears to require
10-100 ng/ml of the protein, the intracrine as well
as paracrine effects of endogenously synthesized
IGFBP-3 induced by 1,25-(0H),D, appear to be suffi-
cient to cause growth inhibition (16).

Induction of the IGFBP-3 Promoter Activity by
1,25-(OH),D; in LNCaP Cells

To determine whether 1,25-(0OH),D; is involved in
the transcriptional regulation of the IGFBP-3 gene in
LNCaP cells, we cloned a PCR fragment containing
approximately 1.9 kb of the published IGFBP-3 pro-
moter sequence (—1901 to +55) {42) into the promot-
erless luciferase reporter vector, pGL3-basic. We then
cotransfected this construct with a VDR expression
vector (pSG5-VDR) into LNCaP and Hela cells. As
shown in Fig. 2, the 1.9-kb fragment showed no stim-
ulation by 1,25-(OH),D, in either cell line. We then
used the published sequence to search the GenBank
database to obtain more 5’ flanking sequence. Based
on our search, we generated further upstream se-
quence of the IGFBP-3 promoter by PCR. A DNA
fragment from —1901 to —3595 was ligated to the

24 48

Fig. 1. Time Course of 1,25-(OH),D; Up-Regulation of IGFBP-3 mRNA in LNCaP Cells

A, Confluent LNCaP cells were treated with vehicle or 10 nm 1,25-(OH),D; in 1% FBS-RPMI medium for 0, 6, 12, 24, and 48 h.
RNA was collected and transferred to membranes by Northem blotting. The blot was hybridized with 92p.jabeled IGFBP-3 and
L7 probes. Northern blot analysis of time course shows up-regulation of IGFBP-3 mRNA. Ribosomal protein L7 serves as a control
for RNA loading. B, Quantitation of Northern blot was performed using densitometric analysis with each value expressed as

percent of vehicle-treated control.
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Fig. 2. Transcriptiona! Activation of the Human IGFBP-3 Promoter by 1,25-(0OH),D,

The IGFBP-3 promoter (1.9 kb) and deletions thereof were cloned into the pGL3-Basic reporter vector as indicated on the left.
Numbers are in reference to the transcription start site that is at +1. These constructs were transiently cotransfected with
pSG5-VDR expression vector into LNCaP and Hela cells. The cells were treated with vehicle or 10 nm 1,25-(0OH),D, for 16-18
h. A Renilla luciferase expression vector was used to control for transfection efficiency. The activity of each construct was
expressed as 1,25-(OH),D; treatment vs. control that is set as 1. Each value represents the mean of two independent

transfections, each performed in triplicate.

—1901 construct, generating a promoter sequence
from —3595 to +55. In transactivation assays, this
promoter sequence showed approximately 2-fold in-
duction by 1,25-(OH),D; in both LNCaP and Hela
cells (Fig. 2). No further increase in 1,25-(OH),,D; trans-
activation was observed when sequences up to
—5992 were tested. These results suggest that a pu-
tative VDRE is present in the region from —3595 to
—1901 of the IGFBP-3 promoter.

Identification of a Functional VDRE in the Distal
Promoter of the IGFBP-3 Gene

To determine whether the sequence between —3590
and —1901 can act as an enhancer element, the se-
quence from —3590 to —1753 was cloned 5’ of the
heterologous simian virus 40 (SV40) promoter in the
pGL3-promoter vector. LNCaP and Hela cells were
cotransfected with this chimeric construct and pSG5-
VDR and then treated with 10 nm 1,25-(OH),D;. As
shown in Fig. 3A, the sequence from ~3590 to ~1753
showed an increase in SV40 promoter activity of about
1.8-fold in LNCaP and 2.5-fold in Hel.a cells, demon-
strating 1,25-(0OH),D; responsiveness by this 1.8-kb
fragment.

To further define the VDRE within this 1.8-kb frag-
ment of the IGFBP-3 promoter, deletions were gener-
ated, cloned into the pGL3-promoter vector and then
transfected into Hela cells. As shown in Fig. 3B, re-

moval of the 3’ sequence from —1753 to —2474 did °

not change the enhancer activity. Further deletions
from —2950 to —-2474 and from —3205 to —2950
displayed similar enhancer activity. The data suggest
that a VDRE is located in the 386-bp fragment be-
tween —3590 and ~3205. Additional deletions within
this fragment were made to characterize the minimal
enhancer sequence (Fig. 3B). When the 5’ sequence
was further deleted from —3590 to —3410, the activity
remained the same as the —3590/—3205 construct.
Further 3’ deletion from —3410 to —3205, however,
resulted in complete loss of the enhancer activity. The
data suggest that the VDRE is located within this
206-bp fragment between —3410 and —3205.

The VDREs are generally composed of two direct
repeats of six bases separated by a three-nucleotide
spacer referred to as a DR3 motif. Computer analysis
of the 206-bp fragment identified a potential VDRE
(GGTTCA ccg GGTGCA) located between —3296 and
—3282. We refer to this 15-bp sequence as BP3-
VDRE. This sequence contains two hexameric core
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Fig. 3. Localization of the VDRE Enhancer to a Short Region of the Human IGFBP-3 Promoter

A, A 1.85-kb fragment encompassing nucleotides —3590 and —1901 of the IGFBP-3 promoter was cloned into the SV40
promoter-driven luciferase reporter vector pGL3-promoter. The reporter construct was transfected into LNCaP and Hela cells and then
treated with 10 nm 1,25-(OH),D,. The activity of the construct was expressed as fold increase over control. Data are representative of
three independent experiments, mean + sk. B, Deletions both 5’ and 3’ made within the sequence between —3590 and —1753 (as
illustrated on the /eff) were cloned into the pGL3-promoter vector and transfected into Hela cells. The activity of each construct is
expressed as fold induction over control. Each value represents the average of two expetiments, each performed in triplicate.

sites separated by three nucleotides resembling a DR3
motif. As shown in Table 1, the BP3-VDRE is 92%
identical with the distal VDRE of the rat 24-hydroxy-
lase promoter located at —259 (designated r24-OH-
distal VDRE) and 87% identical with the VDRE con-
sensus sequence (43).

Confirmation of VDRE Properties by EMSA and
Chromatin Immunoprecipitation (ChIP) Assay

We used EMSA to determine whether the VDR can
bind to the putative IGFBP-3 VDRE sequence.

Double-stranded BP3-VDRE and r24-OH distal
VDRE oligonucleotides were incubated with crude
cell extracts from COS-7 cells transfected with
pSGS or pSG5-VDR vectors. A strong specific DNA-
protein complex with the VDR-transfected cell ex-
tracts was observed both with probe BP3-VDRE
(Fig. 4B, lane 4) and with probe r24-OHdistal VDRE
(data not shown). This binding activity was highly
induced by 10 nm of 1,25-{OH),D; (Fig. 4B, lane 5).
A complex with identical mobility to the VDR-trans-
fected cell extracts was also observed with the
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Table 1. Comparison of VDRE in the IGFBP-3 Promoter to Known VDREs

Source Sequence” Identity (%) Position
Consensus VDRE? (37) PuGGTCA NNG PuGTTCA 100
Human osteopontin (52) GGGTCG TAT GGTTCA 87 —1892/-1878
Rat 24-OHase-distal (41) GGTTCA GCG GGTGCG 80 —~259/—-245
Human 24-OHase (43) AGTTCA CCG GGTGTG 73 —293/-273
Human IGFBP-3¢ GGTTCA CCG GGTGCA 87 —3296/—-3282
Mouse IGFBP-39 TGGTTA GAA GGTGCA 73 —2505/—2490

2 Nucleotides Identical to the VDRE consensus sequence are in bold.
b Consensus VDRE determined by binding of VDR/RXR heterodimers to randomly selected high affinity VDRE. Pu = A or G.

¢ GenBank accession no. AC091524.
9 GenBank accession no. AL607124.

empty vector-transfected cell extracts (Fig. 4B, lane
2); however, it was not induced by 1,25-(OH),D,
(Fig. 4B, lane 3). When a 200-fold molar excess of
unlabeled oligonucleotide, either BP3-VDRE or r24-
OHdistal VDRE, was added, the signal was dimin-
ished (Fig. 4B, lanes 6 and 7). In contrast, when an
unlabeled oligonucleotide containing mutations in
either the 5’ (BP3-VDREm1) or the 3' (BP3-VDREmM?2)
hexamic sequence (Fig. 4A) was added, the DNA-
binding was no longer competed (Fig. 4B, lanes 8
and 9). These results indicate that the BP3-VDRE
sequence may be similar to the r24-OH distal VDRE
that binds the nuclear proteins VDR and RXR.

To confirm the presence of VDR and protein in the
BP3-VDRE complex, VDR or RXR« antibodies were
added for supershift assays. As shown in Fig. 4C, the
BP3-VDRE sequence was bound by proteins recog-
nized by VDR or RXRa antibodies, thus producing
supershifted complex SS1 (lane 3) or complex SS2
(lane 4), respectively. Both complexes SS1 and $S2
were of similar mobility to that seen with the r24-
OHdistal VDRE probe (data not shown).

ChIP assays were performed to further prove that
1,25-(OH),D, was capable of recruiting VDR/RXR to
the chromatinized BP3-VDRE in the native IGFBP-3
promoter in the absence of VDR overexpression.
LNCaP cells were treated with or without 1,25-
{OH),D5 and then subjected to ChIP assay. PCR was
performed with the purified immunoprecipitated
chromatin DNA using the primers designed to am-
plify the IGFBP-3 promoter sequence encompass-,
ing BP3-VDRE. As shown in Fig. 5, with the antibody
against VDR (lanes 5 and 6) or RXR« (lanes 7 and 8)
added in the immuoprecipitation reaction, an ex-
pected size band was produced only in the 1,25-
(OH),D;-treated cells (lanes 6 and 8), indicating that
the BP3-VDRE is the interacting sequence with the
VDR/RXR complex. The results further confirm a
functional VDRE site in the natural chromatin struc-
ture in the intact cells.

Therefore, our EMSA and ChlP assay results
strongly indicate that the BP3-VDRE sequence in the
human IGFBP-3 promoter is a novel VDR binding
element.

Confirmation of Enhancer Activity of the BP3-
VDRE by Transactivation

To determine whether the BP3-VDRE sequence acts
as an enhancer in a 1,25-(0OH),D; inducible fashion, a
single copy of this sequence was cloned into the
pGL3-promoter expression vector upstream of the
heterologous SV40 promoter in both sense and anti-
sense orientations (Fig. 6). LNCaP cells cotransfected
with the BP3-VDRE/SV40 promoter chimeric con-
structs and pSG5-VDR showed approximately 2-fold
induction of luciferase activity in the presence of 10 nm
1,25-(0OH),D; as compared with the cells without 1,25-
(OH),D,. This increase occurred whether the BP3-
VDRE was in the sense or antisense orientation. The
pGL3-promoter empty vector showed no 1,25-
(OH),D5 induction (data not shown). The mutations
(Fig. 4A)} in the RXR-binding site (m1) or VDR-binding
site (m2) of the BP3-VDRE enhancer, which disrupt
VDR/RXR binding in the EMSA study (Fig. 4B), were
also introduced into the BP3-VDRE/SV40 promoter
hybrid construct. As shown in Fig. 6, both mutants m1
and m2 resulted in loss of 1,25-(OH),D, inducibility,
indicating that the two hexameric sequences are re-
quired for the enhancer activity of the BP3-VDRE. To
reveal whether BP3-VDRE functions in the same man-
ner in both the native promoter and the heterologous
SV40 promoter, the same mutations (m1 or m2) were
introduced into the —5992/+55 native promoter re-
porter construct. Neither mutant showed induction by
1,25-(OH).D; that is comparable to the mutated het-
erologous promoter construct (Fig. 6).

DISCUSSION

Previous studies from our lab have demonstrated that
IGFBP-3 is a direct mediator of 1,25-(0OH),D; antipro-
liferative action in LNCaP human PCa cells (16).
However, the mechanism by which 1,25-(OH),D5
up-regulates IGFBP-3 is unknown. In this study, we
identified a functional VDRE (BP3-VDRE) located be-
tween —3296 and —3282 upstream of the human
IGFBP-3 gene. Thus, 1,25-(0OH),D; is able to directly
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Fig. 4. Specific Binding Activity of VDR to the Putative BP3-VDRE Sequence

A, Nucleotide sequences of wild-type BP3-VDRE or mutated BP3-VDRESs containing mutations in the 5" RXRa binding site
(BP3-VDREm1) or in the 3’ VDR binding site (BP3-VDREm2). The consensus hucleotides for VDR/RXR binding are illustrated in
bold with lower case letters representing the mutated nucleotides. B, EMSA. The nucleotides were annealed and end-labeled with
[y-22P]ATP using T, polynucleotide kinase. The labeled probe BP3-VDRE was then incubated with 5 ug of cell extracts isolated
from transfected COS-7 cells with empty vector pSGS5 (lanes 2 and 3) or with VDR expression vector (lanes 4-9) in the absence
or presence of 1,25-(OH),Ds. Lane 1, No cell extract. C, Supershift was performed with specific antisera to VDR or RXRe« in the
absence or presence of 1,25-(OH),D; yielding supershifted complexes §S1 and SS2, respectively.

activate IGFBP-3 expression at the transcriptional
level through binding of the hormone-bound VDR/RXR
heterodimer to BP3-VDRE. The presence of a VDRE in
the IGFBP-3 promoter is strongly supported by the
fact that the BP3-VDRE sequence confers 1,25-
(OH),D, responsiveness both in its natural promoter
setting and in a heterologous promoter system. More-
over, mutations within the BP3-VDRE abolish 1,25-
(OH),D; induction of both heterologous and natural
promoters. Also, the specific binding of VDR to this
responsive element is demonstrated in gel shift assays
and importantly, addition of anti-VDR or anti-RXRa
antibodies causes supershift of the BP3-VDRE com-
plex. This BP3-VDRE complex can be competed with
unlabeled BP3-VDRE and r24-OH distal VDRE se-
guences, but not with mutated BP3-VDRE sequences.

Furthermore, ChIP assays demonstrate that 1,25-
(OH),D, is able to recruit the VDR/RXR heterodimer to
the VDRE site in the context of native IGFBP-3 pro-
moter architecture.

The BP3-VDRE shows an 87% identity to the rat
24-hydroxylase distal VDRE (43, 44). The 24-hydrox-
ylase is the most responsive known primary 1,25-
(OH),D; target gene in mammals (43, 45). The rat
24-hydroxylase promoters has two VDREs, a distal
VDRE located at ~259, and a proximal VDRE at —152
from the transcription start site (Table 1) (43). These
two sites located in close vicinity to each other and to
the transcription start site synergistically contribute to
the strong responsiveness of the gene to 1,25-(OH),,D5
treatment. When fused to the thymidine kinase pro-
moter, the 24-OHase distal VDRE results in a 2.5-fold
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Fig. 5. ChIP Assay Demonstrating that VDR and RXRa Are Recruited to the IGFBP-3 Promoter by 1,25-(0H),D; in LNCaP Cells

LNCaP celis were plated at 3 X 10° cells per 10-cm dish and treated with (+) or without (=) 10 nM of 1,25-(OH),D,. After 18 h,
the cells were subjected to ChIP assay as described in Materials and Methods. After the immunoprecipitation, the samples were
amplified by PCR using primers designed to amplify a 134-bp fragment of the IGFBP-3 promoter from —3340 to —3207
encompassing the BP3-VDRE. Lanes 1 and 2, Input DNA; lanes 3 and 4, mouse IgG; lanes 5 and 6, anti-VDR; lanes 7 and 8,

anti-RXRa.
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A single copy of wild-type BP3-VDRE sequence in either the sense (wt-s) or antisense orientation (wt-as), as well as mutated
BP3-VDRE (m1 or m2) in the antisense direction, was cloned into the pGL3-promoter reporter vector. The m1 and m2
oligonucleotides are the same as used in the EMSA (Fig. 4A). The m1 oligonucleotide has a mutation in the RXRa binding site (A),
whereas the m2 contains a mutation in the VDR binding site (®). The same mutations were also introduced into the ~5992/+55
pGL3-Basic reporter construct. Either the heterologous or the natural promoter constructs were cotransfected with pSG5-VDR
into LNCaP cells and treated with ethanol or 10 nm 1,25-(0OH),D, for 16-18 h. The activity of each construct is expressed as fold

induction over control. Data are representative of three independent experiments, each performed in triplicate.

induction by 1,25-(OH),D; (44) similar to the BP3-
VDRE, which confers about 2-fold induction by 1,25-
(OH),D;. We also observed that two copies of the
BP3-VDRE sequence in the heterologous promoter
doubled the enhancer activity relative to a single copy
of BP3-VDRE indicating a gene dosage effect (data
not shown). However, the transactivation assays re-
ported here were amplified only to a limited degree
despite overexpression of VDR. In the absence of
overexpressed VDR, 1,25-(OH),D; induction of the
BP3-VDRE was only about 1.2-fold (data not shown).
However, ¢cDNA microarray and Northern blot analy-
ses showed a remarkable induction of IGFBP-3 mes-
sage in the absence of overexpressed VDR when
LNCaP cells were treated with 1,25-(OH),D; (16, 17).

Indeed, the best induction by 1,25-(OH),D; oc-
curred when the BP3-VDRE was in its natural set-
ting. It is possible that the low level of BP3-VDRE
transactivation in vitro results from its distant loca-
tion to the transcriptional machinery (46). In its nat-
ural promoter context, the VDRE’s response to 1,25-
(OH),D; may be enhanced through interaction with
additional flanking partner proteins. In addition, the
functionality of a 1,25-(OH),D; responding gene,
such as the 24-OHase gene, may depend upon the
potential synergistic action of two or more VDREs
(45). Although up to 6000 bp of promoter sequence
has been examined in this study, the presence of
additional VDRE(s) cannot be excluded in the
IGFBP-3 gene.
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VDREs have been identified in a number of other
1,25-(0OH).D; target genes including osteocalcin and
osteopontin (47-54), B, integrin (55), 24-hydroxylase
(43, 44, 56, 57), and calbindin-D,g, (58). All of these
VDRE sites are located within the first 800 bp of pro-
moter sequence upstream of the transcription start
site. The IGFBP-3 VDRE, on the other hand, is uniquely
located in the distal promoter region over 3 kb up-
stream from the transcription start site. In addition,
computer analysis of the mouse IGFBP-3 promoter
sequence predicts a putative VDRE site whose core
binding sequence is 75% homologous to the human
BP3-VDRE that we identified. This putative mouse
IGFBP-3 VDRE is located at —2505 from the transcrip-
tion start site (Table 1); however, its functionality re-
mains to be tested.

We and others (11, 16) have shown that 1,25-
(OH),D, up-regulates p21 a major regulator of the cell
cycle. However, there is controversy about whether
the action of 1,25-(OH),D; on p21 is a direct or an
indirect effect (16, 59). Although Liu et al. (11) demon-
strated that 1,25-(0OH),.D; directly acted on p21 gene
expression through a functional VDRE in the promoter
of the p21 gene in U937 leukemia cells, we could not
demonstrate a direct effect in LNCaP cells. Indeed, we
found that p21 up-regulation by 1,25-(OH),D5 can be
inhibited by immunoneutralization of IGFBP-3, which
suggests that p21 induction is mediated by IGFBP-3
and indirectly by 1,25-(OH),D; (16). This lack of a
direct effect is supported by Eelen et al.’s recent report
(59) in the mouse bone cells and keratinocytes. How-
ever, it is possible that a hormone-responsive element
may be active only in an appropriate cellular environ-
ment due to cell specificity.

Our findings provide significant insight into the mo-
lecular regulation of IGFBP-3 by 1,25-(OH),Ds. To-
gether with our previous data (16), we demonstrate
that 1,25-(OH),D; directly increases IGFBP-3 expres-
sion through binding to the BP3-VDRE site in the
IGFBP-3 promoter in LNCaP cells. IGFBP-3 may then
act via paracrine or intracrine pathways to activate
pathways including activation of p21/WAF1 causing
cell cycle arrest or cell death through induction of
apoptosis (30, 60). In conclusion, our study provides
strong evidence showing that 1,25-(OH),D; directly
regulates IGFBP-3 via a VDRE located approximately
3 kb upstream in the IGFBP-3 promoter. These find-
ings provide additional insight into 1,25-(OH),D; reg-
ulation of target genes as well as adding further data
on the variable nature and location of VDREs.

MATERIALS AND METHODS

Cell Cultures

Human cervical adenocarcinoma cells, Hel.a (ATCC CCL~2) and
monkey kidney fibroblast cells, COS-7 (ATCC CRL~1651), were
cultured in DMEM supplemented with 10% fetal bovine serum
(FBS) (Ufe Technologies, inc., Rockville, MD). The human pros-
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tate carcinoma cell line, LNCaP (ATCC CRL~1740), was grown
in RPMI 1640 medium containing 5% FBS. Ali cells were main-
tained at 37 C in a humidified atmosphere with 5% CO,.

Northern Blot Analysis of IGFBP-3 mRNA

LNCaP cells were treated with 10 nm 1,25-(0OH),D; or ethanol
control in 1% FBS medium. At specific time intervals, the
cells were collected and total RNA extracted using TRIZOL
reagent (Invitrogen, Carlsbad, CA). Northern blots were per-
formed as previously described (61). A 200-bp fragment rep-
resenting exon 2 of the human IGFBP-3 gene was labsled
with [a-%2P]deoxy-CTP using the Rediprime DNA labeling kit
(Amersham, Piscataway, NJ). The ribosomal protein gene L7
was used as a control to normalize RNA loading and transfer
efficiency.

Construction of Plasmids for Promoter Analysis

The 1.9 kb of the published IGFBP-3 promoter sequence {42)
was amplified by PCR and cloned into the promotetiess
luciferase reporter vector pGL3-basic (Promega, Madison,
WI). Additional §' flanking sequence was determined from the
GenBank database (AC091524) using sequence homology
searches with the 1.9-kb promoter sequence. Three frag-
ments (A, —1901/+55; B, —3590/—1753; and C, —5992/
—3590) were generated by PCR from human genomic DNA
(CLONTECH, Palo Alto, CA) using primers containing restric-
tion enzyme sites. The sequences of these primers were
shown as follows: fragment A—upper, 5-GGAATCCAG-
GCAGGAAGCGGCTGAT-3'; lower, 5'-AGACCTGGGACCT-
CAAGAATTGCAT-3'; fragment B—upper, 5'-AACTCTGAG-
GAGCCCCTGTCT-3';lower, 5’ -TAGTATCTGCGTTGACACC-
CA-3'; fragment C—upper, 5'-GGGGTACCAAATGTGCA-
AGAGTAGCACTAC-3'; lower, 5'-CAGTGGTACCTGTGG-
CAGTGGAAAT-3'. PCR was performed using the following
conditions: 95 C for 5 min, then 35 cycles of 94 C for 1 min,
60 C for 1 min, and 72 C for 2 min with a final step of 72 C for
10 min. PCR products were TOPO-cloned into the pCR2.1
TA-TOPO cloning vector (Invitrogen). The nucleotide se-
quence of the PCR fragments was confirmed by sequencing.
The promoter fragments were then directionally cloned into
the pGL3-basic vector. Fragment A (1.95 kb) was cloned into
the pGL3-basic at the Kpnl and Hindlll sites (pGL3-A), frag-
ment B (1.85 kb) to the Kpnl-Hindll sites of pGL3-A (pGL3-B),
and fragment C (2.4 kb) at the Kpnl sites of pGL3-B (pGL3-C).
Plasmid DNA was prepared using plasmid purification kits
(QIAGEN, Valencia, CA).

Heterologous Constructs for Enhancer Analysis

The 1.85-kb Kpni-Hindll fragment (—~3590/—1753) from plas-
mid pGL3-B was cloned into the Kpnl/Smal sites of pGL3-
promoter vector, a heterologous SV40 promoter-driven lucif-
erase reporter (Promega). Further deletions within the --3590/
—-1753 fragment, including sequences -—3590/—~2474,
—3590/-2950, —3590/—3205, —3590/—3410, and —3410/
—3205, were made using internal restriction sites and then
cloned into pGL3-promoter at the Smal site. A pair of oligo-
nuclectides 5'-CGCGTTATAAATGCACCCGGTGAACCTC-
TCTGA-3' and 5-CGCGTCAGAGAGGTTCACCGGGTGC-
ATTTATAA-3', located between —3303 and —3276 enclosing
the putative VDRE site were synthesized (Operon, Alameda,
CA) containing an Mfu! overhang on the 5’ end. These oligo-
nucleotides were annealed and ligated to the Miul site of the
pGL3-promoter vector. The orientation of each insert in the
heterologous construct was verified by sequencing.
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Mutagenesis in the BP3-VDRE Sequence in the Natural
and Heterologous Promoters

Mutations in the potential RXR (m1) or VDR {m2) binding site
in the BP3-VDRE sequence were introduced into the —5992/
+55/pGL3-Basic reporter construct by the GeneEditor in
vitro Site-Directed Mutagenesis System (Promega) following
the manufacturer’s instructions. Two pairs of oligonucleo-
tides containing same mutations m1 or m2 in the BP3-VDRE
sequence with Miul site overhangs were synthesized and
directly cloned to the pGL3-promoter vector. Positive clones
were identified by sequencing.

DNA Transfections and Luciferase Assay

LNCaP cells were plated at a density of 5 X10° cells/35-mm
in six-well plates the day before transfection. At approxi-
mately 75% confluence, the cells were transfected with 1 ug
DNA using 2 w! of TransIT-Insecta transfection reagent per
well (Mirus, Madison, WI). HelLa cells (7.5 X 104/20-mm in
12-well plates) were transfected at approximately 70% con-
fluence using PolyFect transfection reagent (QIAGEN). Ten
nanograms of the Renilla luciferase plasmid pRL-null (Pro-
mega) were included in each transfection to control for the
transfection efficiency. After 20 h, the cells were treated with
10 nM 1,25-(OH),D; or ethanol for 16-18 h. The cells were
lysed using Passive Lysis Buffer (Promega). Luciferase activ-
ity was determined using the Dual Luciferase Assay System
{Promega) that was normalized to the Renilla luciferase ac-
tivity. The induction of each construct’s luciferase activity by
1,25-(0OH),D, was expressed as fold induction over ethanol
control.

Expression of VDR in COS-7 Cells

COS-7 cells were grown to approximately 80% confluence in
10-cm tissue culture flasks and transfected with 2 pug of
empty vector pSG5 or VDR expression plasmid pSG5-VDR
using the PolyFect agent as described previously (62). After a
48-h transfection, the cells were collected, rinsed with PBS,
and resuspended in M-PER mammalian cell extraction buffer
(Pierce Chemical Co., Rockford, IL) containing 300 mm KClI, 5
mM dithiothreitol (DTT) and a protease inhibitor tablet (1 tab-
let/50 ml) (Roche Molecular Biochemicals, Indianapolis, IN).
After 10 min incubation at ambient temperature, the suspen-
sion was centrifuged at 12,000 X g for 10 min at 4 C. The cell
extracts were aliquoted and stored at —80 C.

EMSA

Double-stranded oligonucleotide BP3-VDRE (5'-AAATGCA-
CC CGGTGAACCTCTC-3') was radiolabeled with [y-2PJATP
using T, polynucleotide kinase. Unincorporated radionucle-
otides were separated using the Nucleotide Removal Kit
(QIAGEN). EMSAs were performed in 20 ul of binding reac-
tion containing 4 mM HEPES (pH 7.9), 150 mm KCl, 1.5 mm
MgCl,, 1 mM DTT, 1 mm EGTA, 10% glycerol, 2 pug poly
(deoxyinosine:deoxycytosine), 5 ug celluiar extract, and 0.1-
0.4 ng radiolabeled probes (50,000 cpm/reaction) as de-
scribed previously (63, 64}, Samples were incubated with 10
nM 1,25-(0OH),D; or ethanol for 15-20 min at ambient tem-
perature (62). For competition assays, a 500-fold molar ex-
cess of unlabeled oligonucleotides was added to the binding
reaction mixture for 20 min before the addition of the probe.
For supershift assays, 2 ug of RXRa or VDR polycional an-
tibodies (Santa Cruz Biotechnology, Santa Cruz, CA) were
added to the binding reaction mixture 40 min before the
addition of the probe. After an additional 20 min incubation,
the bound DNA-protein complexes were resolved by electro-
phoresis on §% nondenaturing polyacrylamide gels in 0.5X
Tris-borate-EDTA buffer containing 45 mm Tris (pH 8.0), 45
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mM borate, and 1 mm EDTA at 170 V constant voltages for
1.5 h. The gels were dried and exposed to x-ray film at —80 C.

ChiP

ChIP assay was carried out using the Upstate Biotechnology
(Charlottesville, VA) ChIP assay kit with modifications. In
brief, LNCaP cells were cultured in 5% FBS-RPMI and
treated with 10 nm 1,25-(OH),D; overight. After cellular
chromatin cross-finking with 1% formaldehyde, chromatin
pellets were sonicated to an average of 200- to 1000-bp
fragments of DNA. The chromatin fragments were subjected
to immunoprecipitation with the 2 ug of polyclonal antisera to
VDR or RXRa (65) (Santa Cruz Biotechnology) ovemight at 4
C. The precipitates were eluted into the elution buffer con-
taining 1% SDS, 100 mm NaHCO,, and 10 mm DTT. The
cross-links were reversed with a 4-h incubation at 65 C in the
elution buffer with addition of 200 mm NaCl. The immunopre-
cipitated DNA fragments were purified using QIAGEN Mini-
Elute Reaction Cleanup kits and subjected to PCR using a
pair of primers {upper, 5'-TGACCACACCGACAGGTTTG-3';
lower, 5'-ATTTCACAGGCTGGCTGGAGTG-3'), which were
designed to amplify the IGFBP-3 promoter sequence from
—3340 to —3207 containing BP3-VDRE and give rise to a
134-bp fragment. The DyNAmo SYBR Green qPCR kit (MJ
Research Inc., South San Francisco, CA} was used in the
PCR. PCR was carried out as follows: 95 C for 5 min, then 35
cycles of 94 C for 20 sec, 58 C for 20 sec, and 72 C for 30 sec
with a fina! extension for 6 min at 72 C. PCR products were
separated on 2.5% agarose gels and visualized with ethidium
bromide staining.
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Implications for Androgen-Independent Prostate Cancer
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The cortisol/cortisone-responsive AR (AR°") has two muta-
tions (LL701H and T877A) that were found in the MDA PCa
human prostate cancer cell lines established from a castrated
patient whose metastatic tumor exhibited androgen-indepen-
dent growth. Cortisol and cortisone bind to the AR*** with
high affinity. In the present study, we characterized the struc-
tural determinants for ligand binding to the AR*™, Our data
revealed that many of the C17, C19, and C21 circulating ste-
roids, at concentrations that are found in vivo, functioned as
effective activators of the AR°“but had little or no activity via
the wild-type AR or GRa. Among the synthetic glucocorticoids
tested, dexamethasone activated both GRa and AR,
whereas triamcinolone was selective for GRa. In MDA PCa 2b
cells, growth and prostate-specific antigen production were
stimulated by potent AR°" agonists such as cortisol or 9a-
fluorocortisol but not by triamcinolone (which did not bind to

or activate the AR®™), Of the potential antagonists tested,
bicalutamide (casodex) and GR antagonist RU38486 showed
inhibitory activity. We postulate that corticosteroids provide
a growth advantage to prostate cancer cells harboring the
promiscuous AR®" in androgen-ablated patients and contrib-
ute to their transition to androgen-independence. We predict
that triamcinolone, a commonly prescribed glucocorticoid,
would be a successful therapeutic agent for men with this
form of cancer, perhaps in conjunction with the antagonist
casodex. We hypothesize that triamcinolone administration
would inhibit the hypothalamic-pituitary-adrenal axis, thus
suppressing endogenous corticosteroids, which stimulate tu-
mor growth. Triamcinolone, by itself, would not activate the
AR®* or promote tumor growth but would provide glucocor-
ticoid activity essential for survival. (Endocrinology 143:
1889-~1900, 2002)

HE BIOLOGICAL ACTIONS of androgens are mediated
by the AR, a member of the nuclear hormone receptor
superfamily (1). The AR has been implicated in the devel-
opment, growth, and progression of prostate cancer (2-7). In
some prostate cancers, AR levels are elevated because of gene
amplification and/or overexpression (8, 9), whereas in oth-
ers, the AR is mutated (10~12). A number of mutations in the
AR have been identified in metastatic prostate cancers, and
these mutations are most frequently located in the ligand-
binding domain (LBD) of the receptor (4, 5, 11~14). ARs with
LBD mutations, such as the T877A found in the LNCaP
human prostate cancer cell line (15) and in many prostatic
cancers (11, 12), exhibit broadened ligand specificity (14-16).
For example, the T877A mutant AR is capable of responding
to hydroxyflutamide, progesterone, and estrogens (15), al-
though the circulating levels of both progesterone and es-
trogens in men are low and may not be clinically significant
(17). The role of AR mutations in the transition of prostate
cancers to androgen-independent growth and in the subse-
quent failure of endocrine therapy is the focus of recent
studies (2-7). .
We recently identified an AR with a double mutation
(L701H and T877A) in its LBD in the human prostate cancer

Abbreviations: AR, Cortisol/cortisone-responsive AR; BRFF, Bio-
logical Research Faculty and Facility; DHT, dihydrotestosterone; FluF,
9a-fluorocortisol; Ky, dissociation constant; LBD, ligand-binding do-
main; MMTV, mouse mammary tumor virus; PSA, prostate-specific
antigen; RBA, relative binding affinity; RU486, GR antagonist RU38486.

cell lines MDA PCa 2a and MDA PCa 2b, established from
abone metastasis of a castrated patient whose prostate cancer
exhibited androgen-independent growth (18, 19). This
double-mutant AR binds the prostatic androgen, dihydrotes-
tosterone (DHT), with reduced affinity, compared with the
wild-type AR or AR with the T877A mutation (20). We have
also shown that the double-mutant AR responds to cortico-
steroids such as cortisol and cortisone (20). We designated
this mutant AR as the cortisol/cortisone-responsive AR
(AR*"). The AR®™ is a promiscuous receptor exhibiting re-
laxed ligand specificity, responding to glucocorticoids, an-
drogens, progesterone, and E2, but not aldosterone (20, 21).

In the present study, we investigated the structural re-
quirements of ligands for the AR, in comparison with
ligands for the human GRa. We tested natural steroids in the
steroidogenic pathway, as well as synthetic corticosteroids,
for their potential to act as AR ligands. The steroids were
evaluated in functional assays, which included binding to
AR and activation of AR*"-mediated transcription. Se-
lected corticosteroids were also tested for their ability to
cause transactivation through the single-mutant L701H AR.
The abilities of key steroids to regulate the growth of MDA
PCa 2b cefls, which harbor the AR, were evaluated; and
their effects on the androgen-responsive target gene pros-
tate-specific antigen (PSA) were determined. Structure-
activity relationships were addressed by studying a series of
structurally related steroids.

Our studies reveal that the AR™ can be activated by a
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number of circulating corticosteroids and their precursors.
Cortisol and 9a-fluorocortisol (FluF), the most potent ago-
nists for AR, stimulate the growth of MDA PCa 2b cellsand
PSA secretion. The presence of AR* would therefore pro-
vide a growth advantage to prostate cancer cells harboring
these mutations by responding to cortisol and other steroids
in the steroidogenic pathway and thus contribute to andro-
gen-independent growth and the progression of prostate
cancer seen in androgen-ablated patients. The antiandrogen
bicalutamide (casodex), as well as the GR antagonist
RU38486 (RU486), acted as antagonists through the AR®
and inhibited growth and PSA stimulation in MDA PCa 2b
cells. Interestingly, the synthetic glucocorticoid triamcino-
lone was selective for GRa and did not bind to or activate the
AR, Because triamcinolone did not stimulate the growth of
MDA PCa 2b cells or increase PSA secretion by these cells,
it might be useful as a novel therapeutic agent to suppress
endogenous corticosteroids in patients whose cancers ex-
press the AR®" mutant receptors.

Materials and Methods
Materials

All steroids were purchased from either Sigma (St. Louis, MO) or
Steraloids, Inc. (Newport, RI). Tritiated DHT, cortisol, and dexameth-
asone were obtained from Amersham Pharmacia Biotech (Piscataway,
NJ). The mouse mammary tumor virus (MMTV) reporter plasmid
PMMTV-luc and expression vectors (pSG5-AR and pSG5-GRa) were
gifts from Dr. Ron Evans (Satk Research Institute, San Diego, CA), Dr.
Zoran Culig (University of Innsbruck, Innsbruck, Austria), and Dr. Peter
Kushner (University of California, San Francisco, CA), respectively.
. Biological Research Faculty and Facility (BRFF)-HPC1 medium was
obtained from Biological Research Faculty and Facility (jamsville, MD),
and DMEM:F12 and Lipofect AMINE were from Life Technologies, Inc.
(Rockville, MD). RU486 was a kind gift from Roussel-Uclaf (Romainville,
France).

Radioligand-binding assay, Scatchard analysis, and
competition-binding analysis

COS-7 cells were transfected with pSG5-AR, pSG5-GRe, or pSGS5-
AR expression vectors using LipofectAMINE (Life Technologies, Inc.)
(20). After 48 h, cell monolayers were harvested, and high-salt nuclear
extracts were made as previously described (22, 23). Protein concentra-
tion of the extract was determined by the method of Bradford (24).
Binding assays were done as described (22, 23). In a typical binding
assay, 200 ul soluble extract (0.5-1 mg protein/ml) were incubated with
0-100 nM of {*H}hormone, for 16-20 h at 0 C. Bound and free hormones
were separated by hydroxylapatite. Specific binding was calculated by
subtracting nonspecific binding obtained in the presence of a 250-fold
excess of radioinert ligand from the total binding measured in the
absence of radioinert steroid. Data were expressed as femtomoles of
bound hormone per milligram of protein.

Competition-binding assays were performed with extracts of COS-7
cells expressing AR, in the presence of 20 nM [*H]cortisol as the ligand
and various nonradioactive molecules as competitors at 1-, 10-, and
100-fold excess.

Reporter assay

CV-1 monkey kidney cells (ATCC, Manassas, VA) were transfected
with the expression vectors pSG5-AR“", pSG5-GRa, or pSG5-L701H AR,
as well as the reporter MMTV-luc, as previously described (20). Five
nanograms of pRL-SV40 (Promega Corp., Madison, WI) renilla lucif-
erase were cotransfected in each sample as an internal control for trans-
fection efficiency. The cells were treated with various steroids alone or
in the presence of antagonists, for 16-30 h, and luciferase activity was
determined using the dual-luciferase assay system (Promega Corp.).

Krishnan et al. * AR Mutations in Prostate Cancer

Cell growth and PSA assays

MDA PCa 2b cells were routinely cultured in BRFF-HPC1 medium
supplemented with 20% FBS as previously described (18, 19). The BRFF-
HPC1 medium contains a high concentration of cortisol (hydrocortisone,
280 nM) as well as DHT at 0.1 nm. To test the effects of AR agonists,
such as cortisol and other steroids, on cell growth and PSA secretion, we
developed a test medium whose composition was comparable to BRFF-
HPC1 except for the lack of cortisol and DHT. For these assays, cells were
seeded in 6-well plates (2 X 10° cells/well) in BRFF-HPC1 medium. After
48 h, the BRFF-HPC1 medium was replaced with DMEM:F12 medium
supplemented with epidermal growth factor (10 ng/ml), insulin (1 um),
bovine pituitary extract (40 ug/ml), cholera toxin (25 ng/ml), phospho-
ethanolamine (5 pM), seleneous acid (30 nm), BSA (250 pg/ml), and
trypsin inhibitor (10 ug/ml), along with 20% FBS. We refer to this
medium as test medium. Various steroids were added at the indicated
concentrations in test medium. Fresh test medium and compounds were
replenished every 3 d. The conditioned media were collected, and the
PSA levels were measured as described (22). DNA content and [*H]thy-
midine incorporation were assayed as measures of cell proliferation (25).
The effects of casodex and RU486 on cell growth and PSA were assessed
in BRFF-HPC1 medium, and their abilities to antagonize the stimulatory
effects of endogenous cortisol and DHT present in the BRFF-HPC1
medium were evaluated.

Structural models of the LBDs

Molecular models were based on an AR homology model produced
in an earlier study (16) using the crystal structure of PR LBD as template
(Protein Data Base accession code 1A28) (26). After this study was
initiated, the crystal structure of the human AR LBD was solved (27, 28).
Because there is a strong structural homology between the template
structure of PR LBD and AR LBD (the root mean square deviation
between a-carbons is 0.84 A), predictions about the structural effects of
mutations can be made from the homology model. Based on the x-ray
crystallographic findings on the T877A mutant AR, Sack and co-workers
(28) modeled the double mutant AR (AR“") bound to DHT (described
in Ref. 6) and obtained results similar to our modeling data reported in
this paper.

The sequences of the PR and AR LBD are 52% identical. A molecular
model of the mutant AR™" LBD was produced from this model by
substitution of histidine for leucine at residue 701 and alanine for thre-
onine at residue 877. The histidine side chain was oriented using a
rotamer library derived from crystallographically determined protein
structures (29). For comparison, a homology model of GRa LBD (54%
identical with PR) was constructed, in the present study, using essen-
tially the same protocol described by McDonald et al. (16). Briefly,
residues of PR LBD were changed to sequences of GRa at homologous
sites with the program MODELLER (30), and the initial homology model
was generated automatically. A molecule of cortisol and water mole-
cules were added based on corresponding positions of steroid rings or
bound waters in the template. The model was adjusted manually to
optimize side chain rotamer positions (29) guided by the progesterone
structure. A few local corrections employed molecular mechanics energy
minimization using CHARMm (31) within QUANTA 97.0 (Molecular
Simulations, Inc., San Diego, CA).

Ligand-receptor docking analyses

Molecular coordinates for steroids with crystallographically deter-
mined structures were retrieved from the Cambridge Crystallographic
Database (32) for docking analyses to AR, AR", or GRa LBD pockets.
Ligands were manually docked into the binding pocket, orienting each
molecule by superimposition of steroid rings onto the position of pro-
gesterone in the PR crystal structure (26). Molecular mechanics energy
minimization calculations using CHARMm were implemented, impos-
ing harmonic restraints on all nonligand atoms. A number of starting
positions/configurations were manually generated for each ligand in
the binding pocket, and the structure with the lowest energy was se-
lected for further analysis.
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Statistical analysis

Data were evaluated by ANOVA using the StatView 4.5 software
(Abacus Concepts, Inc., Berkeley, CA), and P < 0.05 was considered
significant.

Results
DHT and glucocorticoids bind to the AR®"

Because AR®" is a mutant AR that responds to cortisol, we
first determined the binding affinity of androgens and glu-
cocorticoids for AR®", and compared the results to the wild-
type AR and GRa. Dissociation constant (K,) values of the
AR, wild-type AR, and GRa in COS-7 cells were measured
for the binding of DHT, the major prostatic androgen, cor-
tisol, the major circulating glucocorticoid, and dexametha-
sone (a potent synthetic glucocorticoid). Scatchard analyses
(Fig. 1A) revealed that [BHIDHT, [’H]cortisol, and [*H]dexa-
methasone bound specifically to AR*, with K, values of 10,
5, and 50 nM, respectively. Compared with the wild-type AR
(Fig. 1B), the AR“" had a 50-fold reduced affinity for DHT
binding (K4 = 0.2 nm for wild-type AR vs. 10 nuM for the
AR). When compared with the GRa (Fig. 1C), the AR*" had
a 10-fold higher affinity for cortisol and a 25-fold lower
affinity for dexamethasone. These results indicate that the
AR®" has a unique ligand specificity distinct from either
wild-type AR or GRa.

Natural corticosteroids are AR agonists

Because the AR" exhibits a high affinity for cortisol, we
evaluated a series of cortisol-related steroids for their ability
to bind to and activate the AR" (Fig. 2). The structures of
these steroids are depicted in Fig. 2C. They included natural
corticosteroids like cortisol (118-hydroxycortisone), cortico-
sterone, and their corresponding precursors (11-deoxycorti-
sol and 11-deoxycorticosterone, respectively) as well as 18-
hydroxycorticosterone and the mineralocorticoid hormone,
aldosterone. We also tested 11a-cortisol (the biologically in-
active synthetic stereoisomer of cortisol) and cortisone,
which has a keto group at the 11 position (the natural me-
tabolite of cortisol that does not bind to or activate GRa).
Competition-binding analyses were performed using
[*H]cortisol as the ligand and unlabeled steroids at 1, 10, and
100 molar excess as competitors. The relative binding affinity
(RBA) values of these steroids for AR*" ranked as follows
(Table 1): cortisol 100% = cortisone 100% > DHT 41% >
1la-cortisol 16% = 11-deoxycortisol 16% > corticosterone
11% > 11-deoxycorticosterone 9% > aldosterone <1% >
18-hydroxycorticosterone (< 0.01%).

These steroids were also tested for their transactivation
potential, using a cotransfection assay in CV-1 cells. These
cells were selected because they are devoid of the steroid
receptors under investigation and lack 118-hydroxysteroid

- dehydrogenase (33), the enzyme that catalyzes the reversible
conversion of cortisol to cortisone. The expression plasmids
for the wild-type AR, AR™, or GRa were cotransfected into
CV-1 cells with the MMTV-luc reporter. The cells were
treated with 10 nM of each steroid for 30 h. We observed a
significant difference in the extent of activation of the lucif-
erase reporter between AR*" and GRa. This observation can

“be explained by the fact that wild-type AR has approximately
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Fig. 1. The AR binds both androgen and glucocorticoids. COS-7
cells were transfected with expression vectors for AR, wild-type AR,
or GRa. High-salt extracts from transfected cells were incubated with
various doses of radioligand, at 0 C, in equilibrium-binding assays, as
described in Materials and Methods. DEX, Dexamethasone. A, Scat-
chard plots of [*H]DHT, [*H]cortisol, and [*H]DEX binding to AR®;
B, Scatchard plot of [PHIDHT binding to AR; C, Scatchard plots of
[*H]cortisol and [PH]DEX binding to GRa.

20% of the maximal transcriptional activity of GRa on the
MMTV-promoter (34). The wild-type AR could be activated
only by androgens such as DHT and R1881. We tested a
selected panel of corticosteroids for their ability to cause
transactivation through the wild-type AR, and none of them
activated the wild-type AR (data not shown).

AR*" and GRa displayed distinct activation profiles in
response to the various steroids (Fig. 2, A and B). In these
transactivation assays, DHT and most of the cortisol-related
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F1g. 2. The AR™ differs from the GRa in structural requirements of
ligands at the C11 position. CV-1 cells were transfected with expres-
sion vectors for AR™ (panel A) or GRa (panel B) and the reporter
MMTV-luc as well as renilla luciferase plasmids. Cells were treated
with the indicated steroids at 10 nM in steroid-depleted medium for
30 h. Cell extracts were subsequently assayed for luciferase activity
by the dual-luciferase system (Promega Corp.). Values are given as
fold activation over activity found in control cells treated with ethanol.
Data represent the mean of assays performed in triplicate + SEM.
Panel C, Chemical structures of the naturally occurring corticoste-
roids tested in panels A and B. DOC, 11-Deoxycorticosterone; B,
corticosterone; 18B, 18-hydroxycorticosterone; S, 11-deoxycortisol; F,
cortisol; E, cortisone; 11aF, 11a-cortisol.
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TABLE 1. RBA of different molecules for AR®™

Competitor RBA Competitor RBA
9a-Fluorocortisol 300 17B8-E2 11
Cortisol 100  Corticosterone 10.6
Cortisone 100 T 9
R1881 65 DOC 9

Progesterone 8

17-Hydroxyprogesterone 60
DHT

41  Aldosterone <1%

Spironolactone 30  Casodex (bicalutamide) 0.05
Prednisolone 26  Pregnenolone <0.01
Prednisone 23 DHEA <0.01
Dexamethasone 18  Androstenedione <0.01
RU486 16.4 4-Hydroxytamoxifen <0.01
11-Deoxycortisol 16.4 1ICI 182780 <0.01
11a-Cortisol 16.4 Triamcinolone <0.01
Hydroxyflutamide 16  18-Hydroxycorticosterone <0.01

RBA is expressed as the ratio of concentration of cortisol over
concentration of competitor, each of which produces a 50% decrease
in specific [*H]cortisol binding X 100 (mean, n > 3). In competition
binding assays, the dose response curves have been done twice for
each competing molecule, and the RBA values represent means from
two experiments.

DOC, 11-Deoxycorticosterone; DHEA, dehydroepiandrosterone.

steroids, except for 18-hydroxycorticosterone (18B), acti-
vated the AR™ and induced luciferase activity (Fig. 2A).
Cortisol and cortisone were the most effective activators of
the AR, inducing reporter levels over 30-fold above the
basal level. Corticosterone increased reporter levels 20-fold.
The precursor molecules of cortisol and corticosterone (11-
deoxycortisol and 11-deoxycorticosterone, respectively)
were also potent AR®™ activators. Remarkably, the C11 iso-
mer of cortisol, 11a-cortisol, which is inactive through GRe,
also increased AR“"-mediated gene transactivation by 13-
fold. Thus, the AR® exhibited only limited stereoisomer
specificity for the C11 position of the corticosteroids. In con-
trast, only cortisol and corticosterone, both harboring the
11B-hydroxyl group, functioned as GR« agonists (Fig. 2B).
Importantly, changing the stereochemistry at C11 of cortisol
from the naturally occurring (8) to the synthetic (a) config-
uration resulted in a complete loss of GRa-mediated trans-
activation, in contrast to the AR“". Cortisone, which has a
keto group at the C11 position, had no agonist activity for
GRa, as expected. In contrast, it was as effective as cortisol
(which has a hydroxyl group at C11) in activating the AR,
Overall, these data suggest that the AR has an activation
profile distinct from those of wild-type AR and GRe and that
both active glucocorticoids (cortisol and corticosterone) and
inactive corticosteroids (cortisone and 11a-cortisol) are po-
tent activators of the AR*".

Synthetic glucocorticoids exhibit differential agonist acthty
for the AR*"

We next tested several commonly prescribed synthetic
glucocorticoids, which are potent GRa agonists, for their
possible agonist activity via the AR*". These steroids each
contain the 118-hydroxyl group except prednisone, which
has a keto group in that position (Fig. 3C). They also contain
modified A rings that are unsaturated at C1-C2 except the
mineralocorticoid /glucocorticoid FluF. In competitive bind-
ing assays (Table 1), FluF exhibited a 3-fold increase in bind-
ing affinity for the AR®", compared with cortisol. The potent
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F1G. 8. Synthetic glucocorticoids exhibit differential agonist activity
for the AR°", CV-1 cells were transfected with expression vectors for
AR™ (A) or GRex (B) and the reporter MMTV-luc as well as renilla
luciferase plasmids. Cells were treated with the indicated steroids at
b nM in steroid-depleted medium for 30 h. Cell extracts were subse-
quently assayed for luciferase activity by dual-luciferase system (Pro-
mega Corp.). Values are given as fold activation over activity found
in control cells treated with ethanol. Data represent the mean of
assays performed in triplicate * sgM. C, Structures of the synthetic
corticosteroids tested in A and B. TRI, Triamcinolone; PSN, pred-
nisone; PSL, prednisolone.

glucocorticoids, prednisone (A’-dehydrocortisone), pred-
nisolone, (Al-dehydrocortisol), and dexamethasone (9a-
fluoro-16a-methylprednisolone), bound to AR*™ with bind-
ing affinities approximately 5-fold lower than cortisol and
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cortisone (Table 1). Thus, the double bond at C1-C2 in the A
ring decreased the binding affinity of the steroids for AR®",
Interestingly, triamcinolone (9a-fluoro-16a-hydroxypred-
nisolone), a potent synthetic glucocorticoid, which has a hy-
droxyl group in the D ring of the sterol structure replacing
the C16 methyl group of dexamethasone, did not bind
to AR*".

In transactivation assays, the MMTV-reporter-transfected
CV-1 cells were treated with each compound at a suboptimal
concentration (5 nM) to detect differences in agonist activity
between cortisol and other drugs. All of these synthetic com-
pounds are known agonists for the GRa- and activated GRa-
mediated transactivation (Fig. 3B). Prednisone, with a keto
group at Cl11 position, was inactive through GRa as ex-
pected, because CV-1 cells are deficient in 118-hydroxys-
teroid dehydrogenase, the enzyme that catalyzes the in vivo
conversion of prednisone to the active molecule pred-
nisolone with a hydroxyl group at the C11 position. As
shown in Fig. 3A, FluF had a somewhat greater activity than
cortisol, consistent with its increased affinity for AR“" (Table
1). The AR, which did not distinguish between a keto or
hydroxyl group at C11 position, was activated by both pred-
nisone and prednisolone. Both prednisone and prednisolone
were comparable with cortisol in AR*“"-mediated transcrip-
tion, although they exhibited lower affinities for binding to
AR". Dexamethasone, which contains a 16a-methyl group
and a 9a-fluoro group in addition to the A-ring double bond,
showed reduced activity via the AR". Interestingly, triam-
cinolone containing a C16 hydroxyl group did not promote
AR“"-mediated transactivation. Thus, the C16 hydroxyl
group seems to abolish AR” binding and gene activation
through this receptor.

In summary, our transactivation studies revealed that
the following hormones were AR®" agonists: androgens
[DHT, T, androstenedione, and R1881 (data not shown)];
corticosteroids (cortisol, cortisone 11-deoxycorticosterone,
corticosterone, 11-deoxycortisol); synthetic glucocorticoids
(dexamethasone, prednisone, prednisolone); and the miner-
alocorticoid /glucocorticoid (FluF). The synthetic glucocor-
ticoid triamcinolone did not bind to or activate the AR,

Casodex and RU486 antagonize

cer

-mediated transactivation

In search of AR®™ antagonists that may have therapeutic
utility in the treatment of prostate cancers harboring this type
of mutated receptor, we evaluated several known receptor
antagonists. These included the AR antagonists hydroxyflu-
tamide and casodex, the GR/PR antagonist RU486, and the
MR/AR antagonist spironolactone. In competition-binding
assays (Table 1), these antagonists exhibited significant bind-
ing to the AR®", Their RBA values ranked as follows: cortisol
100% > spironolactone 30% > RU486 16.4% > hydroxyflu-
tamide 11.3% >> casodex 0.05% (Table 1). Transactivation
assays demonstrated that both hydroxyflutamide (20) and
spironolactone (data not shown) functioned as AR*" agonists
in CV-1 cells, whereas casodex and RU486 acted as antago-
nists through the AR, As shown in Fig. 4, both of these
antagonists caused significant inhibition of R1881, cortisol,
FluF, or corticosterone-induced activation of the MMTV-luc
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Fig. 4. Casodex and RU486 inhibit AR°““-mediated transactivation.
CV-1 cells were transfected with the AR°™ expression vector and the
reporter MMTV-luc and renilla luciferase plasmids as described in
Materials and Methods. Cells were treated with the indicated ste-
roids, at 10 nM, in steroid-depleted medium, in the presence and
absence of the antagonists casodex (10 uM) or RU486 (100 nm) for 16 h.
Cell extracts were subsequently assayed for luciferase activity by the
dual-luciferase system (Promega Corp.). Values are given as fold
activation over the activity found in cells treated with ethanol and
represent mean * SEM of three to six determinations. Relative lucif-
erage activities (MMTV-luc/renilla luc) in cells exposed to ethanol
were 0.45 * 0.003, 0.078 * 0.02, and 0.07 + 0.001 in control, casodex-,
and RU486-treated cells, respectively. R1881-, F-, FluF-, and B-
induced activations of the reporter were significantly lower in casodex
or RU486-treated cells, compared with control (P < 0.001-P <
0.0001).

promoter in CV-1 cells. The degree of inhibition by RU486
was greater than that produced by casodex, consistent with
the fact that it exhibited a higher affinity for AR than
casodex (see RBA values in Table 1). Note that triamcinolone
was inactive and that casodex and RU486 did not exhibit any
agonist activity in this assay.

Transactivation th}'ough the L701H AR. Effects of
glucocorticoids and casodex

Earlier studies from our laboratory (20) have shown that
the presence of the single mutation L701H in the AR confers
glucocorticoid responsiveness to the mutated AR. The L701H
AR responds to cortisol, although to a much lower degree
when compared with the AR® (20). In the present study, we
attempted to characterize the responses of the L701H AR to
key glucocorticoids in transactivation assays using the
MMTV-luc reporter in the presence and absence of the an-
tagonist, casodex. The results of these experiments are shown
in Fig. 5. The L701H AR responded best to the androgen
R1881 (~6-fold induction of the reporter). Both cortisol (~2-
fold) and FluF (~3-fold) could elicit responses through the
L701H AR. The magnitudes of these responses through the
L701H AR were, however, much lower than their responses
through the AR“™ double mutant (Fig. 4). The other differ-
ence between the two mutant receptor forms was in their
ability to respond to corticosterone. Whereas corticosterone
produced a significant activation of the reporter through the
AR (~6-fold), it did not cause activation through
the L701H AR. Interestingly, triamcinolone activated neither
the AR“" (Fig. 4) nor the L701H AR (Fig. 5). The AR antag-
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Fi1g. 5. L701H AR-mediated transactivation; eﬁ’ects of corticoste-
roids and casodex. CV-1 cells were transfected with the L701H AR
expression vector, the reporter MMTV-luc, and renilla luciferase plas-
mids, as described in Materials and Methods. Cells were treated with
the indicated steroids, at 10 nM, in the presence or absence of 10 pM
casodex, for 16 h, in steroid-depleted medium. Cell extracts were
subsequently assayed for luciferase activity by the dual-luciferase
system (Promega Corp.). Values are given as fold activation over the
activity found in cells treated with ethanol and represent mean *+ SEM
of six determinations. Relative luciferase activities (MMTV-luc/
renilla luc) in cells exposed to ethanol were 0.029 * 0.01 and 0.024 =
0.01 in control and casodex treated cells, respectively. R1881-, F-, and
FluF-induced activation of the reporter were significantly lower in
casodex-treated cells, compared with control (P < 0.01-P < 0.001).

Fold Activation
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onist casodex again caused significant inhibition of the
R1881, cortisol, or FluF-mediated activation of the L701H AR.

Effects of agonists on MDA PCa 2b cell growth

We next examined the ability of some of the key steroids
to activate the endogenous AR*" expressed in MDA PCa 2b
cells and thereby modulate their growth and PSA secretion.
MDA PCa cells grow best in BRFF-HPC1 medium, which
contains a high concentration of cortisol (280 nm), and we use
this medium to routinely culture and passage these cells. To
test the effects of steroids on growth, the BRFF-HPC1 me-
dium was replaced, 48 h after plating, with the test medium
(described in Materials and Methods) lacking cortisol and DHT
but containing 20% FBS, because the use of serum stripped

" of endogenous steroids and other growth factors could not

support cell growth. The initial DNA concentrations at the
beginning of these experiments ranged between 1.6-2.2 ug/
well. Although the cells grew in the test medium, their
growth was minimal, and the DNA concentrations at the end
of the 6-d period were 3.5-4.5 ug/well in various experi-
ments. Supplementation of the test medium with cortisol or
use of the BRFF-HPC1 medium with high endogenous cor-
tisol resulted in substantial increases in cell growth, as de-
termined by [3H]thym1dme incorporation and DNA content
(Fig. 6). When cultured in BRFF-HPC1 medium, the DNA
content increased to 10-15 ug/well at the end of 6 d. When
cortisol (10-200 nM) was added back to the test medium we
found increases in cell growth; and at 100 nM cortisol sup-
plementation of the test medium, the cell growth increased
to approximately match that found in the BRFF-HPC1 me-
dium. We could not demonstrate a clear-cut dose depen-
dence for the cortisol effect. The presence of 20% serum in the
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Fic. 6. Effect of cortisol on the growth of MDA PCa 2b cells.
Cells were plated in BRFF-HPC1 medium. The starting
DNA concentration was 1.94 + 0.21 ug/well. After 48 h, the
effects of different doses of cortisol were tested in the test
medium lacking cortisol for the next 6 d, as described in
Materials and Methods. Test medium was supplemented
with either ethanol vehicle (Control, Con) or 10 (F10), 100
(F100), or 200 (F200) nM cortisol, respectively. BRFF rep-
resents cells in BRFF-HPC1 medium throughout the ex-
periment. DNA content and [*H]thymidine incorporation of -
control cells in test medium (control) at the end of 6 d were
defined as 100% and were 3.4 + 0.73 pg/well and 696 *+ 133
dpm/well, respectively. DNA content and [PH]thymidine
incorporation in other experimenta! groups are represented
as percent of control and are given as mean * SEM from 3-12
determinations. Values were significantly higher in all the
cortisol-treated groups (P < 0.02-P < 0.0001) and in the
BRFF group (P < 0.0001), compared with the control in test
medium,

Percent of control

test medium with its complement of endogenous steroids
and the corticosteroid-binding protein might have been a
confounding factor. However, the data clearly demonstrate
the growth-promoting effects of cortisol on these cells.

Triamcinolone does not stimulate MDA PCa 2b cell growth
and PSA secretion

Figure 7A shows the effects of various steroids on MDA
PCa 2b cell growth after a 6-d treatment in the test medium.
Potent AR agonists cortisol and FluF caused significant
stimulation of cell growth, compared with cells cultured in
test medium alone (control). Corticosterone also produced a
significant increase in cell growth. Importantly, triamcino-
lone, which did not bind to AR (Table 1) or elicit a trans-
activational response through AR*" (Figs. 3A and 4), did not
stimulate cell growth (Fig. 7A). The changes in secreted levels
of PSA parallel the growth data (Fig. 7B). Cortisol and FluF
significantly increased PSA levels over control. The agonistic
effect of FluF was more pronounced on PSA production than
growth stimulation. Paradoxically, corticosterone did not af-
fect PSA production, although it increased cell growth. Tri-
amcinolone, which did not stimulate cell growth, also had no
stimulatory effect on PSA secretion. -

Casodex and RU486 inhibit MDA PCa cell growth and
PSA secretion

In these experiments, the cells were cultured in BRFF-
HPC1 medium, which contains a high concentration of cor-
tisol (280 nm) and DHT, at 0.1 nM, that stimulates the cells to
grow and secrete PSA. Addition of the antagonists casodex
(10 pv) and RU486 (100 nm) to cells growing in this medium
resulted in significant inhibition of cell growth (Fig. 8A).
RU486, which exhibited higher RBA for the AR“" (Table 1),
was more effective at inhibiting cell growth (~78% growth
inhibition) than casodex (~34% growth inhibition). Simi-
larly, PSA secretion by the cells, in response to cortisol and
DHT present in the BRFF-HPC1 medium, was significantly
inhibited by RU486 (~85%) and casodex (~50%) at the doses
tested, as shown in Fig. 8B.

g
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Docking of steroid ligands to ARcer

Our data on the AR LBD using the homology model agree
with the observations using the crystal structure of the hu-
man AR LBD reported recently (27, 28). Both our homology
model (Fig. 9) and the model based on the AR crystal struc-
ture of the LBD of AR (described in Ref. 6) revealed that
both mutations in this mutant receptor are located in the
ligand-binding pocket. The substitutions at residue 701 (his-
tidine for leucine) and residue 877 (alanine for threonine) are
located in helix 3 and helix 11, respectively. Both residues are
within 10 A (Ca-Ca) at one end of the elongated-binding
pocket, forming pincers on either side of steroidal D ring. The
positions of the mutant residues in the AR*" pocket are
shown in Fig. 9 (top image-middle panel) along with compa-
rable residues in the ligand-binding pockets of the wild-type
AR (top image-left panel) and GRa (top image-right panel). A
series of steroids with known crystal structures were docked
into the AR™ pocket to evaluate the steric limits of the
binding cavity and to identify the environment of positions
on the steroids where different substituents may influence
binding affinity. Several general observations can be made.
As suggested by homology to the binding of progesterone
within the binding pocket of PR (26), the C17 position of the
ligand docks near residues 701 and 877. Substitution of ala-
nine for threonine at residue 877 is expected to increase the
size of the binding pocket compared with wild-type AR (16).
In contrast, substitution of histidine for leucine at residue 701
alters the hydrophilic nature of the pocket. This residue is
located on the side of the planar steroid ligand opposite from
residue 877.

The orientation of these two substituted amino acids is
indicated in Fig. 9 (lower images), along with the results of
docking studies for the three ligands cortisol (left), DHT
(middle), and progesterone (right) into the ligand-binding
pocket of the AR, Our data on the docking of DHT to the
AR**-binding pocket are in agreement with the model gen-
erated by Krystek and Sack (described in Ref. 6) of the AR*"
bound to DHT, which shows extra space generated by the
AR mutations and the lack of a hydrogen bond between the
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F1G6. 7. A, Effects of AR* agonists on cell growth. MDA PCa 2b cells
were plated and treated with ethanol vehicle (control) or various
steroids (50 nM) in test medium for 6 d, at the end of which, DNA levels
were determined as described in Materials and Methods. DNA con-
centration at the beginning of the experiment was 2.09 + 0.22 ug/well.
Values are given as mean * SEM from four to six determinations. DNA
concentrations, at the end of 6 d, in F-, FluF-, or B-treated cells were
significantly higher than control cells, at P < 0.01, P < 0.05, and P <
0.01, respectively. B, Effects of AR agonists on PSA secretion. The
experimental details are as given in Fig. 7A. PSA levels are shown as
mean *+ SEM from four to six determinations. PSA concentrations in
F- and FluF-treated cells were significantly higher than control cells,
at P < 0.01 and P < 0.001, respectively.

receptor and DHT because of the substitution of the threo-
nine at position 877 by an alanine residue. The binding
pocket in the AR® is highly hydrophobic but also contains
five polar residues. Residues GIn711 and Arg752 are located
near the C3 carbonyl group of the steroid; His701 and Asn705
are close to the C17 substituent, and the hydrophobic part of
GIn783 is near C15 and C16. The substitution at amino acid
701 results in the replacement of the hydrophobic leucine
with a more hydrophilic histidine residue. Histidine701 is in
position to form hydrogen bonds with polar substituents at
C17 or C21 on the ligand. Cortisol has an a-hydroxyl group
at position C17, whereas the natural AR ligands do not. An
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Fig. 8. A, Effects of AR antagonists on cell growth. MDA PCa 2b
cells were plated and grown in BRFF-HPC1 medium in the presence
of ethanol vehicle (control) or casodex (10 pM) or RU486 (100 nM) for
6 d. At the end of the experimental period, DNA levels were deter-
mined as described in Materials and Methods. Values are given as
mean * SEM from three determinations. DNA concentrations in ca-
sodex- and RU486-treated cells were significantly lower than control
cells, at P < 0.05 and P < 0.001, respectively. B, Effects of AR®™
antagonists on PSA secretion. The experimental details are as given
in Fig. 8A. PSA levels are given as mean * SEM from three determi-
nations, PSA concentrations in casodex- and RU486-treated cells
were significantly lower than control cells, at P < 0.002 and P <
0.0001, respectively.

interaction between His701 and this hydroxyl group may
stabilize the binding of cortisol and cortisone to AR™". In
addition, the bulkier C21 substituents on the corticosteroids
are likely accommodated by the extra space resulting from
the T877A substitution. It should be noted that the mutations
in AR*" do not transform the AR-binding pocket into one
that resembles the wild-type GRa pocket. For example, res-
idues corresponding to His701 and Ala877 of the AR™" are
Met560 and Cys736, respectively, in wild-type GRa. These
residues cannot form hydrogen bonds with the C17 or C21
substituents of steroid ligands. If hydrogen bonds are re-
quired to stabilize the binding of glucocorticoids in GRe,
other residues or bound water molecules may be involved.

The substituent on C16 of the ligand determines the binding
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Fic. 9. Structural models of the ligand-binding pockets of nuclear receptors. In the upper images, close-up views of the interior ligand pocket
are shown for AR (left), AR (middle), and GRa (right). The atoms are represented as CPK models with all residues gray except the two
substitutions in the mutant AR*® and the corresponding residues in wild-type AR and GRa. Selected homologous residues are labeled for
comparison of the three receptors. Note that the hydrophobic pockets are strikingly similar, yet differ in the detailed stereochemical composition.
The ligand pocket is located in the interior of the LBD; and therefore, some residues between the observer and the pocket interior have been
removed to provide the close-up view. In the lower images, three ligands were docked to the binding pocket of AR®", The view into the pocket
interior is glightly different than in the AR® shown in the middle panel in the upper images. Ligands are represented by so-called stick models,
with cortisol (left), DHT (middle), and progesterone (right) shown for comparison. These ligands bind to AR*™ with varying affinity: cortisol >
DHT > progesterone. The substituents at C17 in these ligands differ in size, yet each one is accommodated in the AR®™ pocket. Substitutions
at residue 877 (alanine) and 701 (histidine) are colored for identification, and positions on the steroids that are discussed in the text are labeled.

properties of dexamethasone and triamcinolone to AR“". Dexa-
methasone has a methyl substituent on C16, whereas triam-
cinolone has a hydroxyl group at the same position. Studies on
the docking of dexamethasone to the AR*"-binding pocket
(data not shown) reveal that the region of the pocket around
C16 of theligand is hydrophobic. The residues closest to the C16
methyl group are Met780, Phe876, and Leu704. The van der
Waals volumes of the methyl and hydroxyl groups are similar,
and the binding preferences are therefore most likely attribut-
able to the difference in polarity of the substituents. The binding
of dexamethasone is stabilized by interactions between the hy-
drophobic C16 methyl group and the hydrophobic binding
residues of the receptor. In contrast, triamcinolone has a polar
hydroxyl group at this position and does not allow its binding
to the AR*"-binding pocket.

Discussion

Our data indicate a novel mechanism for prostate cancer
cells to become androgen-independent. Mutations (L701H

and T877A) in the AR cause the receptor to become respon-
sive to circulating corticosteroids (AR), which would then
drive the growth of prostate cancer cells that harbor these
mutations, even in the absence of androgens in androgen-
ablated patients. This process is AR dependent but androgen
independent. The frequency of the AR*“" mutations or other
AR mutations that confer corticosteroid responsiveness to
prostate cancer patients remains to be determined, and we
are currently pursuing this point. Because metastatic lesions
are not usually biopsied, the number of samples thus far
specifically examined for the AR“" mutation is limited. The
T877A mutation is common (4, 11, 12, 35), and the L701H
mutation has been reported twice (36, 37) in addition to our
study (20). Our current study also shows that the L701H AR
responds to corticosteroids such as cortisol and FluF, al-
though to a much lesser degree than the double-mutant
AR, and that it can be inhibited by the AR antagohist
casodex. We speculate that these mutations may be selected
for by the growth advantage they confer on the cancer cells
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in an androgen-ablated patient. The presence of a promis-
cuous AR responsive to nonandrogen ligands is an important
pathway for the development of androgen-independent
prostate cancer (4, 6, 35).

Our studies using Scatchard analyses and competition-
binding assays have revealed that the ligand-binding profile
of AR*" and the stereochemistry of its binding pocket are
different from that of wild-type AR or GRa. The structural
requirement of the compounds that bind and activate AR*”
is surprisingly broad. The AR’ binds and responds to both
sex steroids and glucocorticoids. Though the AR binds
glucocorticoids, it is more permissive than the GRa at both
a qualitative level (ligand-binding specificity) and a quanti-
tative level (ligand-binding affinity). For example, inactive
corticosteroids, such as cortisone and 1la-cortisol, can acti-
vate the AR,

The effect of individual functional groups of the ligand for
binding to AR*" is demonstrated by the ratio of binding
affinities (Table 1) of closely related ligand pairs. The largest
effect is observed when an a-hydroxyl group is introduced
at the C17 position. Minor conformational adjustments are
neglected, because the steroid structure is rigid, as are
changes in the electronic distribution in the ligand. This
hydroxyl group is the only difference between 17-
hydroxyprogesterone and progesterone, where binding of
the former ligand is increased 10-fold. We note that the four
strongest binding ligands [FluF, cortisol, cortisone, and 17-
hydroxyprogesterone (see Table 1)] are 17 a-OH-substituted.
The difference in binding affinity is likely attributable to the
formation of a hydrogen bond between the C17 hydroxyl and
the side chain of His701. In support of this hypothesis, cor-
tisol does not activate either wild-type or the T877A receptor
(20), ARs that lack a hydrogen bond acceptor close to C17.

The findings, using cultured MDA PCa 2b cells to evaluate
steroid actions on growth and PSA production, confirm our
data from the binding and transactivation assays using
COS-7 or CV-1 cells expressing AR, except for the follow-
ing: 1) The magnitudes of growth and PSA stimulation by
agonists in MDA PCa 2b cells are less than those observed
in the transactivation assay. This may be attributable to
higher levels of AR“" produced in the transient transfection
system than present in the MDA PCa cells, as well as the
increased sensitivity of the luciferase reporter assay. Other
factors, such as differences in the rate of steroid metabolism
between cells, might also contribute to these differences in
magnitudes. 2) Prednisone and prednisolone, which have
lower affinities for binding to AR®", were good agonists in
transactivation assays. Binding assays were done in COS-7
cell extracts, whereas the transactivation assay uses CV-1
cells, and factors such as the stability of the steroids in cell
culture may contribute to the observed differences in po-
tency. 3) In general, stimulation of MDA PCa cell growth by
agonists is also accompanied by increases in PSA secretion,
showing that changes in PSA mirror changes in cell growth.
However, corticosterone, which exhibited agonist activity in
transactivation and growth assays, failed to increase PSA
production. Also, FluF was a more potent inducer of PSA
secretion than of cell growth. A possible explanation for the
divergence is that ligand-mediated regulation of a single-
target gene, such as PSA, may differ from generalized effects
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on growth that reflect a complex interplay of actions on
multiple genes. Importantly, triamcinolone, which did not
bind to or activate AR“”, also had no effect on cell growth or
PSA levels.

It will be difficult to treat the subset of prostate cancer
patients whose cancer cells harbor glucocorticoid-responsive
ARs, such as AR or the L701H AR, because glucocorticoid
ablation would not be a feasible approach to therapy, con-
sidering that these steroids are essential for survival. One of
the surprising findings that came out of our steroid-screening
experiment is that triamcinolone, a potent agonist for the
GRa, is unable to bind to or activate the AR or the L701H
AR. Dexamethasone and triamcinolone are potent synthetic
glucocorticoids that have been used clinically, for many
years, to treat a variety of diseases (38). These two steroids
differ only by the nature of the substituent at position C16.
In dexamethasone, the methyl group at this position is ac-
commodated in a hydrophobic cavity within the AR™"
ligand-binding pocket. Triamcinolone has a polar hydroxyl
group at C16, and binding of this ligand to the AR“™ would
bury a hydroxyl group, an energetically unfavorable
interaction. ’

This selectivity of triamcinolone for GRa vs. AR or
L701H AR may be useful for the treatment of the subset of
prostate cancer patients who harbor the L701H or AR type
promiscuous mutations in the AR. Administration of triam-
cinolone to these patients would have two benefits: First,
triamcinolone would preserve essential glucocorticoid ac-
tivity. Second, by negative feedback loops, triamcinolone
would suppress the hypothalamic-pituitary-adrenal axis,
thereby diminishing or eliminating the endogenous produc-
tion of adrenal steroids, including cortisol. The lack of cir-
culating corticosteroids would result in the failure of stim-
ulation of prostate cancer cell proliferation via AR, Because
triamcinolone does not bind or activate the AR, it would
not promote tumor growth. Thus, the replacement of cortisol
with triamcinolone represents a possible strategy to block
corticosteroid acti®ation of AR, However, it should be
emphasized that dexamethasone, a glucocorticoid that is
sometimes used in cancer treatment approaches, would stim-
ulate the growth of this subset of prostate cancers.

Our studies show that casodex functions as an antagonist
for AR“" or the L701H AR, and perhaps it can be used as a
template to develop better antagonists for these mutant re-
ceptor forms. Casodex, in combination with triamcinolone,
could be an effective therapeutic approach. Triamcinolone
would exert its effects at the level of circulating corticosteroid
ligand concentrations, eliminating endogenous glucocorti-
coids that act as agonists through the mutant receptors. In
addition, casodex would act at the receptor level by binding
to and blocking its activation. RU486 is also an effective
inhibitor of AR*"-mediated transactivation as well as cortisol
stimulation of MDA PCa cell growth and PSA secretion.
However, its therapeutic application to treat prostate cancer
may be limited, because it is also a potent GRa antagonist (38)
and may have partial agonist activity in some prostate cancer
cells (39). As shown by our binding and functional studies,
the AR" has a ligand specificity distinct from GRe. It is
therefore possible that improved antagonists specific for
AR, without affecting GRa signaling, could be developed
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and used perhaps in conjunction with triamcinolone in the
treatment of the subset of prostate cancer patients that harbor
the AR, the L701H AR, or other promiscuous AR mutant
forms activated by glucocorticoids.

In summary, we have demonstrated that AR*" is a pro-
miscuous nuclear receptor with a broad ligand-binding spec-
trum. The presence of AR mutations, such as L701H and
AR, provides a growth advantage to prostate cancer cells
in vivo. The use of triamcinolone to suppress corticosteroid
synthesis may provide effective therapy for these patients.
Purthermore, in analogy to complete androgen blockade, the
addition of receptor antagonists will be potentially useful to
inhibit the proliferation of prostate cancer cells containing
these mutant AR forms. Thus, the combination of AR re-
ceptor antagonists together would a ligand suppressor (tri-
amcinolone) represents a new therapeutic strategy for the
treatment of the subset of androgen-independent prostate
cancers harboring the L701H or AR* type of promiscuous
mutations.

Note Added in Proof

A recent publication by Chang et 4l. (40) showed expanded
ligand-induced transactivation of the T877A mutant AR to
include many corticosteroids.
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Analysis of Vitamin D-Regulated Gene Expression
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BACKGROUND. 1,25-dihydroxyvitamin Dj [1,25(OH),D;s] exerts growth inhibitory, pro-
differentiating, and pro-apoptotic effects on prostate cells. To better understand the molecular
mechanisms underlying these actions, we employed cDNA microarrays to study 1,25(0OH);D5-
regulated gene expression in the LNCaP human prostate cancer cells.

METHODS. mRNA isolated from LNCaP cells treated with vehicle or 50 nM 1,25(0OH),D; for
various lengths of time were hybridized to microarrays carrying approximately 23,000 genes.
Some of the putative target genes revealed by the microarray analysis were verified by real-time
PCR assays.

RESULTS. 1,25(OH),D; most substantially increased the expression of the insulin-like growth
factor binding protein-3 (IGFBP-3) gene. Our analysis also revealed several novel 1,25(OH),Ds-
responsive genes. Interestingly, some of the key genes regulated by 1,25(0OH),Dj; are also
androgen-responsive genes. 1,25(OH),D; also down-regulated genes that mediate androgen
catabolism.

CONCLUSIONS. The putative 1,25(0H),D; target genes appear to be involved in a variety
of cellular functions including growth regulation, differentiation, membrane transport, cell-
cell and cell-matrix interactions, DNA repair, and inhibition of metastasis. The up-regulation
of IGFBP-3 gene has been shown to be crucial in 1,25(0OH),D;-mediated inhibition of LNCaP
cell growth. 1,25(0OH),D; regulation of androgen-responsive genes as well as genes involved
in androgen catabolism suggests that there are interactions between 1,25(OH),D; and androgen
signaling pathways in LNCaP cells. Further studies on the role of these genes and others in
mediating the anti-cancer effects of 1,25(0H),;D; may lead to better approaches to the
prevention and treatment of prostate cancer. Prostate 59: 243-251,2004. © 2003 Wiley-Liss, Inc.

KEY WORDS:  1,25-dihydroxyvitamin D;; cDNA arrays; prostate cancer cells; growth
inhibition; target genes; androgens; IGFBP-3
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Prostate cancer is the most common non-cutaneous
malignancy in men and is the second leading cause of
cancer deaths in American males [1]. Prostate cancer
growth is promoted by circulating androgens. The main
treatment strategy for advanced prostate cancer in-
volves androgen deprivation therapy to which patients
initially respond very well. However, most patients
eventually fail this therapy and develop androgen-
independent prostate cancer and metastatic disease
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that is not amenable to current therapies. Current
research on prostate cancer aims to identify new agents
that would prevent and/or inhibit the progress of this
disease.

In recent years 1,25-dihydroxyvitamin Dj
[1,25(0H),D3], the active hormonal form of vitamin
D, has emerged as a promising anti-cancer agent.
1,25(0H),D; is an important regulator of calcium
homeostasis and bone metabolism through its actions
in the intestine, bone, kidneys, and the parathyroid
glands [2]). In addition to these classical actions,
1,25(0OH),D; exhibits anti-proliferative and pro-differ-
entiating actions in a number of malignant cells and
tumors including prostate cancer [3-7] suggesting that
it can be used as an anti-cancer agent. 1,25(0OH),D;
inhibits the growth of a number of prostate cancer cell
lines [8,9] and primary cultures of human prostatic
epithelial cells {10}. The mechanisms underlying the
anti-proliferative activity of 1,25(0OH),D; appear varied
and cell-specific. No single molecular pathway ex-
plains the effects of 1,25(0H),D; in all of the cell types.

Many 1,25(OH),Ds-regulated genes have been iden-
tified in target tissues including the prostate [3-7]. The
gene encoding 25-hydroxyvitamin Dj3-24-hydroxylase
(24-hydroxylase) that initiates the catabolism of
1,25(0OH),D; is induced by 1,25(0OH),Dj3 in most of the
target cells [2]. 1,25(0H),D; has been shown to up-
regulate androgen receptor (AR) gene expression in
LNCaP and MDA PCa prostate cancer cells [9,11]
although this effect appears to be indirect. Blutt et al. [4]
have shown decreases in the expression of Bcl-2 and
Bcl-X; genes in response to 1,25(OH),D; treatment in
LNCaP cells, which make these cells susceptible to
apoptosis [12]. A recent study from our lab [13] has
shown that 1,25(OH),D; up-regulates the expression
of the insulin-like growth factor binding protein-3
(IGFBP-3) genein LNCaP cells and that the induction of
IGFBP-3 expression is crucial to the growth inhibitory
action of 1,25(0OH),D5 in these cells. Although a few
1,25(0OH);D;-regulated genes have been identified in
prostate cells, the molecular basis for 1,25(0H),D;
actions in prostate cells is not fully understood.

c¢DNA microarray analysis offers a powerful tool to
study gene regulation on a genomic scale as it enables
simultaneous comparison of the expression levels of
thousands of genes. This approach has been particu-
larly useful in examining the alterations in gene expres-
sion associated with the development and progression
of many cancers including prostate cancer [14-16].
Microarrays are also very useful in the study of re-
gulation of gene expression in cancer cells [17-19].

In this article, we report the results of a cDNA
microarray analysis of gene expression following
1,25(0H),D; treatment of the well-studied LNCaP
human prostate cancer cell line, the growth of which

is substantially inhibited by 1,25(OH),D3 [8,20]. We
identified 28 1,25(OH),Ds-responsive genes in LNCaP
cells of which the expression of IGFBP-3 gene showed
the most substantial increase after treatment with
1,25(0OH),D;. Our data also reveal some novel,
1,25(0OH),Ds-responsive genes involved in several
cellular pathways including growth regulation, differ-
entiation, metabolism, membrane transport, DNA
repair, cell-cell and cell-matrix interactions, and in-
hibition of metastasis. Interestingly, our data suggest
that 1,25(OH),D; may regulate androgen metabolism
and actions and that there may be an overlap between
signaling by 1,25(0OH),D; and androgens in LNCaP
prostate cancer cells.

MATERIALS AND METHODS

Materials

1,25(0H),D; was a generous gift from Dr. M.
Uskokovic, Hoffmann La-Roche Co. (Nutley, NJ).
Trizol reagent was obtained from Invitrogen (Carlsbad,
CA). Superscript II reverse transcriptase, first strand
synthesis buffer, dithiothreitol (DTT), random primers,
RNase H, RNase A, formamide, and human Cot-1
DNA were obtained from Life Technologies, Inc.
(Gaithersberg, MD). Cy3 and Cy5 dCTP were obtained
from Perkin Elmer (Boston, MA). The Qiaquick poly-
merase chain reaction (PCR) purification kit was from
Qiagen, Inc. (Valencia, CA). All other reagents and
chemicals used were of molecular biology grade.
Culture medium and other supplements were pur-
chased from Mediatech (Herndon, VA).

Cell Culture and HormoneTreatment

LNCaP human prostate cancer cells obtained from
the American Type Culture Collection (Rockville, MD)
were routinely cultured in RPMI medium containing
5% fetal bovine serum (FBS) in a humidified atmo-
sphere containing 5% CO,. For experiments, the cells
(at passage number 34-37) were grown to ~70% con-
fluence and then exposed to fresh culture medium
containing 0.1% ethanol vehicle (control) or 50 nM
1,25(0OH),D; (treated) for 2, 6, 12, or 24 hr. At the end of
the experimental period, the cells were processed for
total or Poly(A™*) RNA isolation. Vitamin D treatment
of cells, mRNA isolation, hybridization to arrays, and
data analysis were repeated in four individual experi-
ments and the values are reported as mean fold changes
in gene expression.

Array Production

¢DNA microarrays were produced as described
previously ata Stanford facility [21]. cDNA clones were
obtained from Research Genetics and the Cancer
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Genome Anatomy Project in collaboration with the
National Cancer Institute, amplified by PCR, and puri-
fied as described before [22]. The arrays used in this
set of experiments were composed of 24,192 elements
(spots) with 23,078 elements containing DNA. There
were 1,114 null spots containing 3x sodium chloride-
sodium citrate (SSC) buffer. Of the clones used, 18,433
were sequenced to verify their identity. Over 14,000
elements on the array were uncharacterized expressed
sequence tags (ESTs).

mRNA Isolation and Array Hybridization

Poly(A™) RNA was isolated directly from cultured
cells using the Invitrogen Fast Track 2.0 method accord-
ing to the manufacturer’s instructions (Invitrogen).
Two micrograms of Poly(A*) RNA were reverse
transcribed, labeled, purified, and hybridized to the
microarrays as described previously [21]. Initially,
mRNA was annealed to an anchored oligo-DT primer
and used to generate cDNA utilizing the Superscript II
reverse transcription (Invitrogen). For labeling, the
reaction was spiked with Cy5-dUTP (treated) or
Cy3-dUTP (control) fluorescence-tagged nucleotides.
¢DNA probes were purified with Microcon-30 (Milli-
pore, Bedford, MA) spin columns and experimental
and control probes were mixed. The combined probes
were brought up to a volume of 28 pl, placed on the
microarray, and hybridized under a glass cover slipina
humidified chamber for approximately 14-16 hr at
65°C. The microarrays were then washed to remove
residual probe and scanned using a GenePix 4000
microarray scanner (Axon Instruments, Inc.,, Union
City, CA).

Data Analysis

Digitized images of the microarrays were analyz-
ed using Scanalyze software developed at Stanford
- (http:/ /www.microarrays.org/software). Areas with
high background or artifact were flagged and excluded
from data analysis. The average pixel intensity was
determined for each spot on the array. The background
intensity was also computed and the net signal was
calculated. Data files were submitted to a local database
where gene names were assigned to corresponding
spots on the array. To account for variability in labeling
and array background, signal intensities were normal-
ized by scaling the intensities measured in the Cy5
channel.

Data Selection

To ensure high-quality, reproducible data, only
those spots with an intensity/background ratio greater
than or equal to 1.4 were included in the analysis.
Previous experiments from our collaborators have

determined that a 2-fold or greater change in expres-
sion correlates to results that can be reproduced with
other methods [23]. Therefore, only genes exhibiting a
2-fold or greater change in expression are reported.
Mean fold-induction was calculated and shown. If a
particular gene was represented by more than one
spot on the array, the mean fold induction was com-
puted for all the spots in each array.

Gene-Specific Real-Time PCR

To confirm the data derived from microarrays,
the expression of selected genes was confirmed by
real-time PCR analysis. Gene-specific primers were
generated using the Primer 3.0 program (provided
by Whitehead/MIT center for Genome Research,
Cambridge, MA). In parallel, a human f actin amplifier
set probe was used as an endogenous control for
normalization. Total RNA were isolated from vehicle-
and 1,25(0OH);Ds-treated (50 nM for 24 hr) cells using
the Trizol reagent and were used in a one step real-time
PCR using the ABI prism 7700 sequencer detector
system and Qiagen’s Quantitect SYBR Green RT-PCR
kit (Qiagen) following the manufacturer’s protocol.
In brief, the reaction mixture (50 pl total volume)
contained 100 ng total RNA, gene-specific forward and
reverse primers at 0.5 pM final concentration, 25 pl of
2x Quantitect SYBR Green RT-PCR Master mix, and
0.5 pl Quantitect RT mix. The real-time cycler condi-
tions were as follows: reverse transcription for 30 min
at 50°C followed by PCR initial activation step at 95°C
for 15 min, 40 cycles each of melting at 95°C for 15 sec
and annealing/extension at 60°C for 1 min. A negative
control without template was run in parallel to assess
the overall specificity of the reaction. The PCR products
were analyzed on a 1.2% agarose gel to confirm the size
of the amplified product. The comparative Ct (AACy)
method [24] which compares differences in Cy values
of control and treated samples was used to achieve
the relative fold changes in gene expression between
the control and the treated samples. The experiments
were repeated several times (n=3-5) and the mean
fold changes are reported.

RESULTS

Genes up-regulated by 1,25(0H),D; are listed in
Table I. Genes that registered an increase in expression
of 2-fold or more on separate arrays are reported. Mean
fold increases at 6, 12, and 24 hr are presented. The
changes in gene expression did not achieve significance
at the 2 hr time point. The genes have been ranked
according to the fold up-regulation seen at 24 hr.
Almost all the genes listed in Table I showed
time-dependent increases in expression following
1,25(0OH),D;, treatment, with maximum increases seen
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TABLE 1. Genes Up-Regulated by |,25(OH),D;

Fold increase

Accession
Gene number 6 hr 12 hr 24 hr
Insulin-like growth factor binding protein 3 (IGFBP-3) AA598601 242 3.96 332
Alu-binding protein with zinc finger domain W88570 4.10 7.21 9.07
FK506-binding protein 5 (FKBP5) W86653 0.87 1.53 347
N-myc downstream regulated (NDRGI) AA486403 1.07 2.30 3.29
CD24 antigen-(small cell lung carcinoma cluster 4 antigen) H59915 1.18 1.56 293
Aldehyde dehydrogenase 6 AA455235 1.32 1.97 2.77
PTPRF interacting protein, binding protein 2 (liprin f2) T66832 1.93 2.29 2.74
Hydroxyprostaglandin dehydrogenase 15-(NAD) (15-PGDH) AA775223 0.95 157 2.66
Prostate differentiation factor (PLAB) N26311 2.61 3.81 2.61
Homo sapiens-methylacyl-CoA racemase mRNA (AMACR) AA453310 Flag 1.35 2.56
N-acetyltransferase 1 (arylamine N-acetyltransferase) (NAT1) T67128 1.02 1.85 2.50
ATP-binding cassette, sub-family A (ABCI), member 5 R53427 1.02 1.24 2.39
Apical protein, Xenopus laevis-like (APXL) H49454 2.35 2.21 2.38
Prostate cancer over-expressed gene 1 (POVI) T72067 1.14 1.88 2.37
ATP-binding cassette, sub-family C (CFTR/MRP), member 6 AA424804 Flag 1.62 2.36
Xeroderma pigmentosum, complementation group C (XPC) AA287323 144 1.83 2.25
Claudin 4 AA506754 2.02 2.51 221
Proteasome (prosome, macropain) subunit, beta type, AAB62434 1.24 1.62 2.04

9 (large, multifunctional protease 2)

at 24 hr, except prostate differentiation factor whose
expression peaked at 12 hr.

The gene that exhibited the highest fold increase
24 hr after 1,25(0OH),D; treatment was IGFBP-3 (mean
fold increase = 33). The mean fold increase in PSA gene
expression was 1.9 and that of AR was 1.8. As these
values were just below the arbitrary limit of 2-fold
change we set in our analysis, we did not include these
genes in our list of up-regulated genes. Using com-
mercially available microarrays (Clonetech, Palo Alto,
CA), we found a 2-3 fold up-regulation of AR gene
expression following 24 hr of 1,25(0H),D; treatment
(unpublished observations). As can be seen by examin-
ing Table I, the majority of these up-regulated genes
have not previously been reported as vitamin D target
genes.

A list of genes whose expression was down-

. regulated 2-fold or more by 1,25(0H),D; is presented

in TableII. There were relatively fewer down-regulated
genes at 24 hr (approximately 20% of the number of
up-regulated genes). Of the four down-regulated genes
reported, three encode enzymes involved in metabolic
pathways. We did not include the signals from the
spots representing the Bcl-2 gene in our analysis due to
the presence of high background in these spots.

Real-Time PCR Results

We sought to confirm the gene expression changes
seen in the microarray analyses by real-time PCR
assays using total RNA samples isolated from LNCaP
cells treated with ethanol vehicle or 50 nM 1,25(0H), D5

TABLE ll. Genes Down-Regulated by |,25(OH),D;

Gene Accession number  Fold decrease at 24 hr

UDP glycosyltransferase 2 family, T50788 —3.66
polypeptide B15 (UGT2 B15)

UDP glycosyltransferase 2 family, N53031 —2.52
polypeptide B4 (LIGT2 B4)

BRCA1 associated RING domain-1 (BARD1) AAS558464 -236

Prostaglandin-endoperoxide synthase 2 AA644211 -213

(prostaglandin G/H synthase)
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TABLE Il. Validation of cDNA Microarray Analyses by Real-Time PCR

Mean fold change
Gene Accession number Array PCR
Alu-binding protein with zinc finger domain W88570 9.07 0.93
FK 506-binding protein 5 (FKBP5) W86653 347 1.58
N-myc downstream regulated (NDRGI) AA486403 329 2.01
CD24 antigen-(small cell lung carcinoma cluster 4 antigen) H59915 2.93 192
Hydroxyprostaglandin dehydrogenase 15-(NAD) (15-PGDH) AA775223 2.66 7.30
Prostate differentiation factor (PLAB) N26311 261 5.30
N-acetyltransferase 1 (arylamine N-acetyltransferase) (NAT1) T67128 2.50 1.13
ATP-binding cassette, sub-family A (ABC1), member 5 R53427 2.39 7.90
Prostate cancer over-expressed gene 1 (POV1) T72067 2.37 7.30
Xeroderma pigmentosum, complementation group C (XPC) AA287323 2.25 11.2
Claudin 4 AA506754 2.21 7.30
UDP glycosyltransferase 2, polypeptide B15 (UGT2 B15) T50788 -3.7 -55
BARDI1 AA558464 -24 -1.1
AA644211 -2.1 -05

Prostaglandin-endoperoxide synthase 2 (prostaglandin G/H synthase)

for 24 hr. The change in expression of 11 of the up-
regulated genes and three of the down-regulated genes
was assessed by real-time PCR assays and the results
are shown in Table III. The change in the expression of
AR and Bcl-2 genes was also determined. The mean
fold increase in AR gene expression was 17 and the
mean fold decrease in Bcl-2 expression was 9.8 in real-
time PCR assays. The real-time PCR data confirmed the
up-regulation of the expression of 9 out of 11 genes
examined. The elevations seen on microarrays in the
expression of Alu-binding protein and N-acetyl trans-
ferase-1 could not be confirmed by real-time PCR at
this single time point tested. Of the down-regulated
genes examined, we found a significant suppression of
the expression of UDP glycosyl transferase-2 (B15) but
could not confirm the down-regulation of BRCA1
associated RING domain-1 (BARD1) or prostaglandin
G/H synthase. In general, the mean fold changes
recorded in the real-time PCR assays were higher than
those observed in the microarray analysis, as has been
reported by others [25].

DISCUSSION

Our analysis of gene expression in LNCaP cells
revealed previously known as well as several novel
1,25(0OH),Ds-responsive genes. Comparison of our
results with other microarray studies of 1,25(0H),D;
effects in other human cells such as squamous
carcinoma cells [17], primary prostatic epithelial cells
(Peehl et al.,, manuscript in preparation), and breast
cancer cells [26] did not reveal much overlap in the
putative target genes. This suggests that the growth
inhibitory actions of 1,25(0H),D; in different cells

might involve different molecular mechanisms and
that the regulation of gene expression by 1,25(0OH),D;

-is highly cell-specific. The current study was under-

taken in LNCaP cells under culture conditions where
1,25(0H),D; has been shown to inhibit cell growth.
Several studies have also demonstrated an anti-tumor
effect of 1,25(0OH),D; in vivo in animal models bearing
human prostate cancer xenografts [4,6,7]. However, itis
important to point out that under in vivo conditions
1,25(OH);D;3 may induce a different set of genes in
the host contributing to its tumor inhibitory effects.
Although cDNA microarray analysis is a powerful tool
enabling simultaneous assessment of the expression of
thousands of genes, it does not detect gene expression
changes at the translational level. As more studies on
gene expression profiling become available, it appears
that the spectrum of genes regulated by any given
factor will differ markedly between different cell
types [27].

1,25(0H),D; caused maximal increases in the
expression of the IGFBP-3 gene in LNCaP cells. Studies
from our lab and others [13,28] have shown that
1,25(0H);D; increases the expression of IGFBP-3 in
prostate cancer cells. Furthermore, we have shown that -
the induction of IGFBP-3 is critical for the 1,25(OH),D5-
mediated growth inhibition of LNCaP cells as IGFBP-3
anti-sense oligonucleotides or IGFBP-3 neutralizing
antibodies abrogated the growth inhibitory effects of
1,25(0OH),D3 [13]. Schwarze et al. [25] showed that in
human prostate epithelial cells, the IGFBP-3 gene was
transcriptionally up-regulated in senescence and was
inactivated when these cells were immortalized with
the human papilloma virus. IGFBP-3 has been shown
to induce apoptosis in prostate cancer cells [29] and
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increased expression of IGFBP-3 may be linked to
apoptosis induced by 1,25(0OH),D; and its analogs [30].
Together these data suggest that IGFBP-3 may play a
key role in inhibiting prostate cancer progression and
in vitamin D-mediated growth inhibition.

Earlier studies of LNCaP cells have identified several
vitamin D-responsive genes including the AR [11],
PSA [89], and Bcl-2 [12] genes. The microarray data
showed increases of ~1.8-fold and ~1.9-fold in the
expressions of the AR and PSA genes, respectively.
Real-time PCR analysis showed a much higher increase
in AR expression (17-fold) and a substantial down-
regulation of BCI-2 expression (~9-fold). In our study,
we did not detect increased expression of some of the
other known vitamin D target genes. For example,
we did not find an induction of 24-hydroxylase gene
expression by 1,25(OH),D; in LNCaP cells. This
confirms our earlier finding that 24-hydroxylase is
only minimally induced in LNCaP cells [8] compared to
other prostate cancer cells [31]. Our results also did not
show increases in the expression of the cell cycle

- inhibitors p21 and p27. In LNCaP cells, the regulation

of p21 by 1,25(0OH),D; appears to be indirect and is
mediated by IGFBP-3 [13]. 1,25(0OH),D; has been shown
to increase p27 by increasing the rate of mRNA
translation and extending the half-life of the p27
protein rather than by increasing p27 mRNA levels
[32,33]. In a recent study on the regulation of the fatty
acid synthase gene by 1,25(0OH),D;, Qiao et al. [34]
report the results of their analysis of vitamin D
regulated genes in LNCaP cells using chips containing
3,000 cDNA probes. Their observations did not overlap
with our results reported here possibly due to dif-
ferences in the cDNA probes present on the chips used
as well as differences in data selection criteria.

Our study has revealed several novel putative
1,25(0OH),Dj-responsive genes. Interestingly some of
these genes are also regulated by androgens. These
include the genes encoding N-myc downstream re-
gulated (NDRG1), liprin 2, and 15-hydroxyprostaglan-
din dehydrogenase (15-PGDH). NDRG1 expression in
prostate cancer cells is increased by androgens [19,35].
Androgens exert a biphasic effect on LNCaP cell
growth [11]. In these cells, NDRG1 mRNA levels are
increased (~10-12-fold) at concentrations of andro-
gens that inhibit proliferation (>107° M) rather than at
low androgen levels (<10™° M) that are optimal for
proliferation [35]. NDRG1 is identical to Drgl (differ-
entiation-related gene 1) or RTP /rit42, a differentiation
marker, the expression of which is suppressed in color-
ectal [36,37], breast, and prostate cancer [38]. NDRGT is
responsive to p53 activation and DNA damage [38].
In vitro and in vivo experiments demonstrate that Drgl
inhibits colorectal metastasis by inducing differentia-
tion and partially reversing the metastatic phenotype

[37]. 1,25(0OH),D3 has been demonstrated to inhibit
prostate cancer invasion and metastasis [39-41]. The
up-regulation of NDRGI, therefore, may play a role in
the differentiation promoting effects of 1,25(OH),D;
as well as its actions to inhibit metastasis of prostate
cancer cells.

Our array data (Table I) revealed that 1,25(0OH),Ds
regulated the expression of liprin 2 gene which
encodes a leukocyte common antigen-related (LAR)
transmembrane tyrosine phosphatase interacting
protein. Although we did not test the regulation of this
gene by real-time PCR, this finding is interesting
because the expression of a related family member
liprin a2 has been shown to be down-regulated by
dihydrotestosterone (DHT) in LNCaP cells by Fujinami
et al. [42]. The authors suggest that the loss of liprin
expression might be associated with androgen-inde-
pendent characteristics of prostate cancer.

Elevated synthesis of prostaglandins has been found
in many cancerous tissues including the prostate [43].
15-PGDH is a key enzyme in prostaglandin metabolism
converting prostaglandins to the corresponding 15-
keto derivatives which have greatly reduced biological
activities. Tong and Tai [44] showed that 15-PGDH was
induced by DHT in a time- and dose-dependent
manner in LNCaP cells and maximal induction was
seen at high concentrations that inhibit cell growth.
Increases in 15-PGDH mRNA levels were also
observed during differentiation of cord blood mono-
cytes into pre-osteoclasts by 1,25(OH),D; [45]. Our
study suggests that 1,25(0H),D3; may exert growth
inhibitory effects on prostate cells through control of
active prostaglandin levels. Interestingly, among the
many genes regulated by 1,25(OH),Ds;, 15-PGDH is
the only gene that is commonly regulated in both the
LNCaP cell line and primary human prostate epithelial
cells (Peehl et al., manuscript in preparation), suggest-
ing that facilitation of prostaglandin catabolism by
1,25(0OH),D; is a common growth regulatory mecha-
nism in prostate cells.

It is significant that 1,25(0OH),D; up-regulates the
expression of genes that are induced by androgens at
concentrations inhibitory to the growth of LNCaP cells.
Taken together with our findings that 1,25(0OH),D; up-
regulates AR gene expression and activity [9,11], these
observations suggest that 1,25(OH);D; has several
effects related to androgen signaling in LNCaP cells.
These findings also raise the possibility that vitamin D
regulation of these genes is not direct, but could be due
to an enhancement of the androgen effects on these
genes through an increase in AR levels. However, this
hypothesis is unlikely because the up-regulation of AR
by 1,25(OH),D; is indirect. The increase in AR mRNA
exhibits delayed kinetics (peak increase at 48 hr),
requires new protein synthesis and 1,25(0H),D; is
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unable to induce the expression of an AR promoter-
reporter construct [11]. In contrast, in the case of many
of the genes listed in Table I, the increase in expression
was evident by 6-12 hr of vitamin D treatment and
there was no added androgen in the medium beyond
what was present in 5% FBS, indicating that the effect
of 1,25(OH),Dj; on these genes is independent of AR
regulation.

1,25(OH),D3 up-regulates the expression of prostate
differentiation factor, also known as PLAB, a novel
member of the bone morphogenetic protein (BMP)
family that constitutes a sub-family of the large trans-
forming growth factor B (TGF ) superfamily of
proteins [46]. PLAB is highly expressed in placenta
and prostate and like TGF B inhibits the proliferation
of primitive hematopoetic cells [46,47]. Our studies
show that 1,25(OH),D; up-regulates the expression
of BMP-6 in primary human prostatic epithelial cells
(Peehl et al., manuscript in preparation) and that of
BMP-5 and TGF 2 in breast cancer cells [26], implicat-
ing members of the TGF B superfamily in 1,25(0OH),D;
signaling as has been proposed by others [48,49].

Some of the genes up-regulated by 1,25(0OH),D3
appear to be involved in the membrane transport of
ions and molecules including steroids (ATP-binding
cassette members A5 and C6 [50], prostate cancer over-
expressed gene-1 [51,52] and claudin 4 [53,54]) and
in DNA damage response (xeroderma pigmentosum
complementation group C [55]).

Using gene expression analyses, Welsh et al. [16]
have found a group of genes encoding enzymes
involved in intermediary metabolism to be highly
expressed in LNCaP cells and prostate tumor samples.
Our results (Tables I and II) also indicate that several
1,25(0OH),D3-regulated genes code for enzymes.
Among these regulated enzymes, the UDP-glycosyl/
glucuronosyl transferase-2 (UGT2) are worthy of
discussion. UGT2 are a family of detoxification en-
zymes catalyzing the transfer of glucuronyl groups
to many substrates including steroid hormones [56].
This is an irreversible step in steroid metabolism which
converts steroids to more polar, water soluble and
biologically less active derivatives, leading to their
excretion. The enzyme UTG2 B15 is expressed in the
prostate and is responsible for the glucuronidation of
androgens [57]. The decrease in the expression of

. the UGT2 B15 gene by 1,25(0H),D; would result in

increased levels of biologically active androgens in
prostate cells. Although a polymorphism in the UGT2
B15 gene has been implicated in prostate cancer risk, a
recent report [58] did not support its consideration as a
prostate cancer susceptibility marker. Down-regula-

tion of the expression of LIGT2 B15 gene along with

another member of the family, UGT2 B4, suggests that
1,25(0OH),D3 may play an important role in regulating

the levels of biologically active androgens and thereby
influence prostate physiology and growth.

In conclusion, our results show that 1,25(0H),D;
substantially increases the expression of the IGFBP3
gene, which has been implicated in 1,25(OH),Ds-
mediated inhibition of LNCaP cell growth [13].
Some of the genes regulated by vitamin D in LNCaP
cells are also responsive to androgens. 1,25(0H),D3
regulation of androgen-responsive genes as well as
genes involved in androgen catabolism suggests that
there are interactions between 1,25(0OH),D; and andro-
gen signaling pathways in LNCaP cells. Our analysis
also reveals several novel putative 1,25(0OH),Ds
responsive genes involved in a variety of cellular
functions and supports a role for 1,25(OH),D; in the
inhibition of cell proliferation and stimulation of cell
differentiation. We hope that further studies on the role
of these genes in mediating the anti-cancer effects
of 1,25(0H),D; will lead to better approaches to the
prevention and treatment of prostate cancer.
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